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PREFACE

In accordance with the mission of AGARD the Structures and Materials Panel (SMP) has always kept an open eye for
the possibility of sponsoring collaborative programmes of research. AGARD is unique in its ability to realise the cooperation
of laboratories in up 1o sixteen nations. In this way AGARD distinguishes itself from other international scientific and
technical organisations.

In the 1970s the SMP decided to embark on collaborative research activities in the area of fatigue. One of the first
activities was the Corrosion Fatigue Cooperative Testing Programme (CFCTP). the precursor to the Fatigue in Aircraft
Corrosion Testing (FACT) programme. Both programmes are described in this report.

Failure by fatigue and degradation by corrosion continue to be major considerations in aircraft design. Environmental
effects influence both initiation and propagation of fatigue cracks, and dynamic loading may causc more rapid deterioration
of cerrosion pretection sytioms, Therefere e coijui uctiva f dynamic loading and environmental attack, i.e. corrosion
fatigue. requires special attention.

Many corrosion fatigue tests have been done on aluminium alloys. However, few included critical structurat details like
joints, under realistic cyclic load histories and in service-like environments. Even fewer used practical corrosion protection
systems. These aspects are specifically addressed by the CFCTP and FACT progammes. The results provide a significant
contribution to the understanding of aircraft corrosion fatigue and shouid encourage further investigation in this difficuit
and challenging area of acrospace technology.

H.P.VAN LEEUWEN
Chairman, Subcommittee on
Fatigue in Aircraft
Corrosion Testing (FACT)

Conformeément a la mission de FAGARD, le Panel des Structures et Matériaux (SMP) a toujours veillé aux possibilités
de parrainage de programmes collaboratifs de recherche.

La capacité @ AGARD de coordonner des programmes de coopération entre laboratoires dans les seize pays membres
de TOTAN est unique. Ainsi, AGARD se distingue de tous les autres organismes scientifiques et techniques internationaux.

Au cours des années 1970, le Panel SMP a pris la décision d'entreprendre des activités de recherche collaborative dans
le domaine de la fatigue. L'une des premiéres initiatives dans ce sens a été le Programme Collaboratif d'Essais de Fatigue
sous Corrosion (CFCTP), précurseur du Programme d'essais des interactions fatigue/corrosion des matériaux constitutifs

des avions (FACT). Ce rapport donne la description des deux programmes.

La rupture de fatigue et la dégradation sous corrosion sont toujours des questions d'actualité dans la conception des
aéronefs. Les conditions d'ambiance influent sur le début et la propagation de la fissure, et limposition des charges
dynamiques pett conduire a la déterioration accelérée des systemes de protection contre Ja corrosion. 1l sensuit que 'action
conjointe de charges dynamique et de conditions d'ambiance aggréssives. c'est a dire la fatigue sous corrosion. demande une
attention particuliere.

De nombreux essais de fatigue sous corrosion ont été effectués sur des alliages d’aluminium. mais trés peur sur les
éléments de structure critiques tels que les assemblages dans des conditions qui simulent les conditions réelles de service, en
appliquant des séquences de charges réelles. L'emploi de systemes pratiques de protection contre la corrosion s'avere méme
plus rare. Ce sont précisement ces aspects qui sont examinés par les programmes CFCTP et FACT. Les résultats obtenus
représentent une contribution importante a I'effort consacré a 'analyse de la corrosion sous fatigue des matériaux
aérospatiaux. et ils devraient conduire a des travaux de recherche plus approfondis dans ce domaine difficile et exigeant de la
technologie aérospatiale.

i
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FART 1

PROGRAMME OB TECTIVES AXD DEFINITION

i, INTROUDUCTLION

Alrcraft structures are susceptible tu corrosion and fatigue. Corrosion can occur under buth static
condit{ons and during missions. Thus the conjoint dction of corrosion and cyclic loading, t.e. corresion
fatigue, is possible. Corrosion begins when the applied protection systems becume degraded and damay
Degradation occurs owing to exposure, e.g. to vltraviolet light and ozene, and moisture-indnced leaching ot
inhibitors from primers and sealants. Damage may be Incidental, for example as 4 tonsequence ol impact by
fureign objects, or may occur as cracking due to service leads or because the underlying met.ul has cracked,

Lorrosion and fatigue damige tend to conceuntrate at joints, which in cooventicoal aluminiam alloy
structures pussess most or all ot the following detrimental features:

sVEtems

stress concentrations and taving surface contacts that crack and wear away the protecti

e crevices for moiature entraprent

possible galvanic couples when steel or titanium fasteners qare used
o fatigue critical locations, e.g. fastener holes and their vicinities.

In the past a variety ot corresion fatigue tests have been conducted with aluminfum allovs. Neariv ajwdvs
the results have indicated eavironmental effects to be significant. However, few investigativcus have
fncluded the testing oi critical structural details, such as joints, under realistic ;
and in simulated service envirvnments. Fuen fewer have considered the eftectiveness ot varicus corrosion
protection svstems, Uonsequentlyv, a data base Jor assessing the influence of corrosivn on the Tatigue life
of aircratt structures has not been acquired.

Vic loead histories

In recognition of this state of attairs it was decided at the Jath Meeting o1 the AGARD structures and
Materiais Panel in April 1977 to form a Sub-Committee and appuint Furcpean and North American coordinatore
for a cooperdative programme on corrosion tatipue of aereospace materials of particular faterest to the A0
conntries, At that time the cbjectives of the preogramme were tormulated as tollows:

® assessment of the ecffectiveness of state-cf-the-art pretevtion schemes for aluminium allovs with
respect to corrosion fatigue and corrosion + fatigue

e stimulativy ! the development ot new protection products, procodures and techniques

bringing tepether researchers on both sides of the Atlantic iu 4 common testing effore that woeuld

result in a2 better understanding of the corrosion tativue phennm
tor aercspave structural materfars

con and the means of mitigating 1t

enabling participating laboratories to add to their latigue testing capabilities by using a
controlled atmospheric corresicn envirenment.

The cunperative programme was planned to he carried aut in twe stages. The tirst stage was to be a cure
arogramme of round-1obin testing to establish whether participants could obtain confidence in ene another’s
fatigue te<ting cdpabilities. At the same time ¢his core programme was designed to be sufficiently
stratghttorward to encourage participation, particularly by those with relatively little experience of

Ccorrnsinn tatigue testing.

riginally there were eight participants to the core programme, which was completed in 198] and
published as an ACARD report, reterence 1), However, since that time two more participants have vcarried
out core programme testing. The results, together with "fine tuning” of the statistical methods used to
analyse the core programme data, warrant 4 reassessment of the core programme. This reassessment is
presented in Part 11 of this repurt.

The second stage of the cocperative programme was to comnsist of supplemental testing Jirected to the
requirements of individual participants but still with much commonality. This se.ond stage also involved
ten participants, four of whom bhad not taken part in the core progrimme, and was completed in 1985, The
results, I(n the form of coneribut{ans by the part{cipants, d.. presentea in Parc Ti¢ ur tiis repore.

A summary evaluation of the entire programme is given in Part V. In this part the coordinators have
endeavoured to establish comm~z trends trom the results in order to place them in a broader context.
Recommendations for further investigation are made also.

2. OVERVIEW OF THE CORF PRUGRAMME (CFCTP)

The core programme of round-robin testing was entitled the Corrosion Fatigne (oovperative Testing
Programme, hereinafter referred to as the CFCTP. An overview of the CFCTP is given in tabie 1. The CFClr
specified identical conditioas for the following parameters:




g

o

g ey e Bt o e =

[

material and heat treatment: 7075-T76 aluminium alloy sheet

specimen configuration: 1§ dogbone joint

protection system: chromate conversion, primer and topcoat

mechanical testing: static prestressing and fatigue (constant amplitude only)
¢ environments: pre-exposure, fatigue and corrosion fatigue.

To achleve these identical conditions it was necessary to ubtain a batch of 7075-T76 aluminium aiioy
from one heat, to manufacture all prior-to-assembly specimen parts at one location, to apply the protection
system and assemble the specimens at ome location, and to prepare a technical manual for mechanfcal anrd
environmental testing.

The technical manual was published in reference (1). An impression of its scope and the kind of detail
necessary to try and ensure ldentical testing conditions is provided by the summary in table 2. Most ot the
chapter headings are self-cvident, but the c~14 box requires some explanation. This is an environmental
chamber for statically loading the specimens at low temperature in order to crack the protection system
(paint) near the fasteners.

As indicated in the introduction, the main purpose of the CFCTP core programme was to establish
whether participants could obtain confidence in one another’s fatigue testing capabilities, with the added
dimension of a controlled atmospheric corrosion environment. That is to say, results from all participants
were to be analysed to determine whether one or more laboratories had obtained data signitfijcantly different
from those of the remaining laboratories.

3. OVERVIEW OF THE SUPPLEMENTAL PROGRAMME (FACT)

The supplemental programme was entitled Fatigue in Aircraft Corrusion Testing (FACT). This programme
was Included so that individual participants could (nvestigate corrosion fatigue prublems of particular
relevance to their own interests and vet within a broader context. To achieve this it was emphasized thuat

testing should be done with as much commonality as possible. In particular, it was recommended that

e the same specimen configuration (1} dogbone joint) be used as for the CFCTP core programme

e mechanical testing conditions be identical

e environmental conditions (pre-exposure, fatigue and corrosion fatigue) be identical to those for
the CFCTP

e eiforts be made to obtain materials of mutual interest from one heac,

Concerning the first three points the technical manual required for the CFCTP also included supplemental
testing guidelines for specimen manufacture, application of protection systems, specimen assembly,
pre-exposure, and fatigue and corrosfon fatigue under flight simulation loading, see table 2

An overview of "he FACT programme is given in table 3. There were ten participants. Four had not taken
part in the CFCTP ¢or- programme, namely

(1) SAAB-SCANIA Aerospace Division, Linkdping, Sweden.

(2) Delft University of Technology LRTH, Delft, The Netherlands.
(3) Industri-aslagen-Betriebsgesellschaft IABG, Ottobrunn, Germany.
(4) National Research Council NRC, Ottawa, Canada.

Table 3 shows similarities and commonalities in the individual programmes. Most participants tested
13 dogbone specimens under nominally identical mechanical and environmental conditions. The tatigue
loadings were constant amplitude, as in the CFCTP, the manoeuvre spectrum FALSTAFF (references 2-4) and the
gust spectrum MINITWIST (referenc: 5). The environmental conditions generally included two or mcre of those
in the CFCTP. Notable exceptions were in the SAAB and NRC programmes.

The main {interest of several participants was to compare - in their individual programmes - the
environmental fatigue properties of a number of aluminium .lloys in various tempers, However, owing to the
calibratory function of the CFCTP and the participants' active cooperation ir obtaining the many
sim{larities and common=litizs within the FACT programme, it was possible to make inter-participant
comparisons of materials, protection systems and fasteners as well. Furthermore, the total testing effort
provided many data for comparing environmental fatigue effects under constant amplitude and FALSTAFF
loading, the latter being a realistic cyclic load history for tactical aircraft.

In retrospect we consider the objectives of the CFCTP and FACT programmes to have been achieved,
though much remains to be done to increase the understanding of aircraft corrosfon fatigue and the
effectiveness of protection systems. We hope this report will encourage further {investigation in this
difficult and challenging area of aerospace technology.
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TABLE 1: OVERVIEW OF THE CFCTP CORE PROGRAMME

ATERIAL

SPECIMEN

PROTECTION SYSTEM

PROT.CTION SYSTEM

DAMAGE

FATIGUE LOADING

FATIGUE ENVIRONMENTS

STATIC PRE-EXPOSURE

TEST PROGRAMME

STATISTICAL ANALYSIS

PARTICIPANTS

CFCTP CORE PROGRAMME

3.2 mm thick 7075-T76 aluminium alloy sheet

PRESS FIT Hi-Lok FASTENERS

Chromate conversion + inhibited epoxy polyamide primer
(except fastener holes) + aliphatic polyurethane topcoat

Two stress cycles at low temperature (209 : 10 K) to crack primer and
paint around the fastener heads

/s - 0.1

Constant amplitude. S_.
min’ “max

4

Laboratory air; 5 % aqueous NaCl salt sprav with pH 4 at 29> K

72 hours in % % aqueous NaCl + SO2 at 315 K

NUMBER OF SPECIMENS ‘YF'F447
SCHEDULES . CribE
S = 210 MPa S =~ 144 MPa FREQUENCY
max max
Fatigue in air 4 4
Pre-exposure + 4 4 2 Hz
fatigue in air
Fatigue in salt 4 4
spray
Pre-exposure + 4 4 6.9 Ho
fatigue in salt
spray

Fatigue lives and primary fatigue origins

Q9! Naval Air Development Centre WADC, Warminster, Pennsvlvania USA.
(2)  University of Saskatchewan, Saskatoon, Canada.

3) Vought Corporation, Dallas, Texas, USA.

(4) Air Force Wright Aeronautical Laboratories AFWAL. Dayton. Ohio

usa.
(%) National Aerospace Laboratory NLR, Emmeloord, The Netherlands
(6) Deutsche Forschungs- und Versuchsanstalt fur Lufr- und Raumfahrt

DFVIR. Cologne, Germany.
() Norwegian Defence Research Establisbtment NDRE, Kjeller, Norway
(8) Royal Aircraft Establishment RAE, Farnborough, United Eingdom.
9) University of Toronto SIFFRL., Toreonto, Canada.
(10) University of Pisa, Pisa, ltaly.
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TABLE 2: SUMMARY OF THE TECHNICAL MANUAL FOR THE CFCTP CORE PROGRAMME AND ALSO 3SUPPLEMENTAL TESTING

(THE FACT PROGRAMME)

TABLE OF CONTENTS

1. INTRODUCTION

2. PROGRAMME OVERVIEW

2.1 Core Programme
2.1 1 Core programme phases
2.1.2 Test schedules

2.2 Supplemental Testing
2.2.1 Mechanical test conditions
2.2.2 Pilot tests

2.3 Milestones

Ef
1 Configuration

.2 Fastener Holes

3 Fasteners

4 Corrosion Protection and Assembly
3.4.1 Core programme specimens

3.4.2 Supplemental testing specimens
3.5 Sealing of Edges and Hi-Lok Collars

LAMPING- IN

1 Grips

2 Bushings in Specimen Clamping Holes
3 Clamping-in Procedure

4 Alignment Guidelines for
Electrohydraulic Machines

5. ADDITIONAL GUIDELINES FOR
ELECTROHYDRAULIC MACHINES
5.1 Performance

.2 static Calibration

.3 Dynamic Calibration

.4 Hydraulic Shut-off Effects

.5 Electromagnetic Interference Effects

[RC TRV

6. COLD BOX
6.1 Schematic of NLR Cold Box
6.2 Configuration for the CFCTP
Specimen
6.3 Calibration of Cold Boxes

10.

11.

12.

RE-EXPOSURE CHAMBERS AND PROCEDURE
Core Programme Chamber
Core Programme Pre-exposure Procedure
Supplemental Testing Programme Chamber
Supplemental Testing Programme
Pre-exposure Procedure

P
7
7.
7
7

rwNem

CORROSION FATIGUE SALT SPRAY CABINET
8.1 Schematic of Salt Spray Equipment for

the CFCTP

8.2 sSalt Spray Cabinet with Internal
Reservoir

8.3 Attachment of Specimens + Grips
Assembly

8.4 Clamping Head Extension for Salt Spray
Fatigue Testing

Bellows

Sealing of the Salt Spray Cabinet
8.6.1 Access door / front frame

8.6.2 Cabinet / bellows

8.7 Sealing of Clamping Heads to Bellows

o ®
o wn

SPECIMEN STORAGE AND CLEANING
9.1 Storage
9.2 Cleaning

TEST PROCEDURE

10.1 Establishment of Stress Levels
10.2 Summary of Test Procedure

10.3 Data Recording

REPORTING

11.1 Progress Reports
11.2 Final Reports

11.3 Specialists’ Meeting

APPENDIX: FLIGHT SIMULATION TESTING

12.1 The Manoeuvre Spectrum FALSTAFF

12.2 The Gust Spectra TWIST and MINITWIST

12.3 Verification of Flight Simulation
Loading
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PART II

REASSESSMENT OF THE CFCTP CORE PROGRAMME

1. INTRODUCTION

The CFCTP core programme consisted of round-robin testing whose primary purpose was to establigh
whether participants could obtain confidence in one another's fatigue testing capabilities with the added
dimension of a controlled atmospheric corrosion environment. The programme was designed to be sufficiently
straightforward to encourage participation, particularly by those with relatively little expertence of
corrosion fatigue testing.

Originally there were eight participants to the CFCTP. The results were published in an AGARD report
in 1982 (reference 1). Since then two more participants completed the core programme. The results have
been included in a reassessment of the CFCTP. This reassessment involves "fine tuning” of the statistical
methods originally used to analysed the CFCTP data and is presented here.

2. DESCRIPTION OF THE CFCTP CORE PROGRAMME

Ar overview of the CFCTP core programme is given {n table 1. The CFCTP specified identical conditions
for the following parameters: material and heat treatment, specimen configuration, protection system,
mechanical testing and environmental conditions. These parameters are discussed in more detail in sections
2.1 - 2.4, Summaries of the test procedure and statistical methods for analysing the results are given in
sections 2.5 and 2.6.

2.1 Material and Specimen Configuration

The material was 3.2 mm thick 7075-T76 bare aluminium alloy sheet frow one heat and supplied by ALCOA
especially for the CFCTP. The engineering properties were specified as follows:

0.2 % YIELD STRESS TS ELONGATION L CONDUCTIVITY
L

479 MPa (max) 550 MPa (max)

455 MPa (min) 541 MPa (min) 11.02 38 2 L.a.C.5.

Figure 1 shows the specimen configuration. This was recommended for the FACT supplemental programme
also. The specimen is a 1} dogbone mechanically fastened by cadmium plated steel Hi-Loks. It was designed
to simulate the load transfer and sccondary bending characteristics of runouts of stiffeners attached to
the outer skin of an alrframe structure. The design goals were a load transfer of 40 % and a secondary
bending ratio of 0.5 (reference 2). These characteristics have been checked and the actual values are
generally lower, see Appendix I.

All prior-to-assembly specimen blanks for the CFCTP were manufactured in one batch by the U.S. Ailr
Force Wright Aeronautical Laboratories AFWAL. The fastemer holes of all specimens for the first eight
participants listed in table 1 were drilled to press fit dimensions in one batch at the U.S. Naval Air
Development Centre NADC. However, to enable the remailning two participants to complete the core programme
it was necessary to disassemble some interference fit supplemental programme specimens, redrill to press
fit dimensions and reassemble. It turned out that this procedure significantly influenced the fatigue
results, as will be discussed in section 3.2,

2.2 Protection System and Specimen Assembly

Application of the CFCTP protection system and specimen assembly were done by the NADC as follows:

& chromate conversion coating on all surfaces

e inhibited epoxy polyamide primer on all surfaces except fastener holes

® assembly of fatigue specimen -1 and half plate -Z with Hi-Lok fasteners and collars, see figure !

# inphibited epoxy polyamide primer on fastener head and collar areas

e aliphatic polyurethane topcoat on all exterior surfaces.

The specimens were then wrapped individually and shipped in batches to the participants.
2.3 Mechanical Testing Conditions (Static Prestressing and Fatigue)

All stresses were defined in terms of the total cross-section of the fatigue specimen -1 at the
location of the centreline between the Hi-Lok fasteners, i.e. the fastener holes were included in the
crogs-gectional area.

Before environmental exposure and fatigue testing the CFCTP specimens were prestressed in cold boxes

at 209 * 10 K by applying two quasi-static load cycles up to a maximum stress of 2[5 MPa. The purpose was
to crack the primer and paint realistically in the fastener head areas.
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Fatigue testing was done using constant amplitude sinusoidal loading with a stress ratio R = Smin/smax

of 0.1. It was decided to test at two stress levels giving nominal fatigue lives of 20,000 and
100,000 cycles for uncorroded specimens fatigued in laboratory air. From pilot tests (reference 1) the
following fatigue stress levels were established for the CFCTP:

NOMINAL UNCORRODED FATIGUE LIFE Smax Smin
20,000 cycles 210 MPa 21 MPa
100,000 cycles 144 MPa 14.4 MPa

2.4 Environmental Conditions (Pre-exposure, Fatigue and Corrosion Fatigue)
There were four testing schedules for the CFCTP, see also table 1:
e fatigue in air, cycle frequency 2 Hz
e pre-exposure + fatigue in air at 2 Hz
e fatigue in salt spray, cycle frequency 0.5 Hz
® pre-exposure + fatigue in salt spray at 0.5 Hz,

Specimens to be pre-exposed and/or fatigued in salt spray were sealed at faying surface side edges and
Hi~Lok collars in order to prevent corrosion except in the fastener head areas. Pre-exposure was for 72
hours in 5 % aqueous NaCl salt solution to which a predetermined amount of SO, gas was added by reacting
Na2503 pellets with HZSOA' This reaction was accomplished in vented test tubeés suspended above the salt

solution, which was maintained at a temperature of 315 ¢ 2 K.

For fatigue testing all specimens were electrically insulated from the loading grips and bolts by
polymeric liners and bushings. The environments were laboratory air and 5 X aqueous NaCl salt spray
acidified with H SO, to pH 4, both at a nominal temperature of 295 K. The salt spray tests were done in
specially constructed cabinets, fully described in reference (1).

2.5 Summary of the Test Procedure

A schematic summary of the CFCTP test procedure is shown in figure 2. This gives some idea of the
complexity of even a fairly straightforward programme, which is why a technical manual was prepared as
already mentioned in Part I of this report., The technical manual is published in reference (1).

One part of the test procedure was modified after analysis of results from the original eight
participants. The technical manual had specified fatigue testing as soon as possible after pre-exposure
and cleaning, with desiccator storage only if delay were unavoidable. However, this was later amended to
require desiccator storage for at least one week after cleaning, in order to ensure the specimens were
completely dry before fatigue testing.

2.6 Summary of the Statistical Methods for Data Analysis

A detailed description of the statistical methods used to analyse the CFCTP fatigue 1ife and primary
fatigue origin data is given in Appendix 1I. Statistical analysis was done with the primary purpose of
checking whether participants could have confidence in one another's fatigue testing capabilities, i.e.
the results were analysed primarily to determine whether one or more labovatories had obtained data
significantly different from those of the remaining laboratories. The statistical analysis also had
several secondary purposes, namely to determine

o vhether pre-exposure was significant for subsequent fatigue life in air or salt spray

e vhether the effect of fatigue in salt spray, with or without pre-exposure, was significant compared
to fatigue in air with or without pre-exposure

whether there were significant differences between laboratories in the relative effects of pre-
exposure and/or fatigue in salt spray (this is part of the primary purpose)

whether the sample size (4 specimens per test condition per participant) was sufficient and whether
there were noticeable differences 1in data scatter between laboratories and fatigue testing
schedules

whether there were relationships between the locations of primary fatigue origins, fatigue stress
levels, environmental conditions and fatigue lives.

A survey of the statistical methods and procedure is given in figure 3. The fatigue life data were first
checked for normality and homogeneity of variances {(approximate compliance with these conditions is
sufficient) as a prerequisite to further treatment. The main statistical analysis was multiple factor
analysis of variance. This was followed by "fine tuning” using the least significant difference test or
Duncan’s new multiple range test (references 3, 4). To avoid possible misuse the least significant
difference test was applied only when analysis of variance indicated significant effects. In addition,
scatter in the data was used to check for adequate sample size (four specimens per test condition per
participant) according to a method described in reference (5).
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The primary fatigue origin data were analysed using the X test of independence, Yates' corrected x?
test or Fisher's exact test, whichever was appropriate. For these tests it 1is sufficient to assume only
that the data constitute a random sample (reference 6). These tests were also used (as appropriate) to
check whether there were significant correlations between fatigue lives and primary origins for each test
condition.

3. RESULTS

The CFCTP core programme fatigue life and primary fatigue origin results are compiled in table 2,
which also indicates the originally interference fit specimens that were disassembled, redrilled to press
fit dimensions and reassembled. The primary fatigue origin data are those obtained by one of the programme
coordinators (R.J.H.W.), who also supplied the remarks concerning fatigue fracture surfaces of pre-exposed
specimens tested in air,

The fatigue life results are presented and statistically analysed in sections 3.1 and 3.? respect-
ively. This is followed by presentation and statistical analysis of the primary fatigue origin data in
section 3.3. Correlations between fatigue lives and primary fatigue origins are discussed in section 3.4.

3.1 Presentation of Fatigue Life Data

The fatigue life data are presented in figures 4 and 5 in terms of log mean life and data range for
each fatigue testing schedule and for each participant. There 1s a clear separation of the data with
respect to stress level, as expected. Figure 5 shows a general tendency for shorter lives owing to fatigue
in salt spray with or without pre-exposure, though 1ndividual trends vary.

3.2 Statistical Analysis of Fatigue Life Data
3.2.1 Checking for normality

In checking for normality the CFCTP core programme data were considered to belong to eight different
populations corresponding to each of the four fatigue testing schedules in combination with each of the
two stress levels. The Xx? test for goodness of fit (references 6, 7 and see Appendix II) showed that data
for six of the populations were log-normally distributed and data for the other two (fatigue in air with
Smax = 210 MPa and pre~exposure + fatigue in air with Smax = 144 MPa) were approximately log-normal. A

subjective impression of these results is provided by the logarithmic normal probability plots in figure
6. Because of the log~normal distributions all further statistical treatment of the data used the
logarithms of the fatigue lives.

3.3.2 Checking for homogeneity of variances

As shown in figure 3, the Box test (reference 8) was used to check for interlaboratory differences in
variances. To do thia the data from different laboratories were considered to come from different
populations. This resulted in eighty populations corresponding to data from each of the ten participants
for each of the four fatigue testing schedules in combination with each of the two stress levels. The Box
test results are sumrarised in table 3. Theve were two very slight violations and one moderate violation
of the criterion for homogeneity of variances.

The Bartlett test (reference 8) was used to check for differences in variances between fatigue test
conditions. To do this the data for each fatigue testing schedule and stress level were treated as coming
from the same population, i.e. no distinction was made between the data from different laboratories. In
view of the Box test results this assumption is not strictly correct. However, it 1is considered justified.
The Barlett test results are summarised in table 4. There were three moderate violations of the criterion
for homogeneity of variances.

As mentioned in section 2.6, approximate compliance with the requirement of homogeneity of variances
is sufficient for further statistical analysis. In the present werk the main techniqus of statistlcal
analysis was multiple factor analysis of variance., This is a very robust, i.e, "forgiving", technique.
Thus the results summarised in tables 3 and 4 were considered sufficient for continuing the statistical
treatment of the fatigue life data.

3.2.3 Main statistical analysis: analysis of variance

Multiple factor (three-way) analysis of variance was used to compare the CFCTP core programme fatigue
life data in terms of the experimental varfables of atress level, fatigue testing schedule (environmental
effects) and laboratory, The results are shown in table 5.

According to the analysis the main variables of stress level, fatigue testing schedule and performing
laboratory all had significant effects on the fatigue 1lives of the specimens. The significant effect
attributable to stress level and fatigue testing schedule were anticipated from the way the CFCTP core
programme was planned. However, determination of whether there were significaunt effects attributable to
differences between laboratories was the primary purpose of the core programme.

A significant effect was also indicated for the interaction between stress level and fatigue testing
schedule. This means that the stress level and fatigue testing schedule significantly affected the fatigue
lives.

3.2.4 "Fine tuning' with the least significant difference test
As shown in figure 3, significant effects indicated by analysis of varilance were investigated in more

detail (“fine tuning”) using the least significant difference test. However, this was not necessary for
the effect of stress level: since there were only two stress levels it 1is obvious that the significant
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difference is between them. Thus the significant effects investigated were
o environment
e laboratory
e stress: environment.

In the first instance the fatigue life data from all ten participants were analysed. This showed that
data from two participants (SIFFRL and the University of Pisa) were significantly different from the rest.
Because SIFFRL and the University of Pisa were the only participants to have tested specimens that had
been disassembled, redrilled to press fit dimensions and reassembled (see table 2) it was decided to
conduct an additional analysis omitting the data for these specimens. The results are given in table 6.
Note that omission of data for reassembled specimens resulted in unequal sample sizes, so that a modified
version of the least significant difference test had to be used. This modified version of the test is also
discussed in Appendix II.

Table 6 shows the following:

(1) The effects of different fatigue testing schedules (environmental effects) were sigrnificant and
consigtent at both stress levels. The effect of pre-exposure was similar to that of changing the
fatigue environment from air to salt spray.

(2) The SIFFRL and University of Pisa data were significantly different from the other participants’
data.

(3) A significant interlaboratory difference was also found between the AFWAL dats and thnge ‘.. the
University of Saskatchewan, Vought, DFVLR and NDRE.

3.2.5 "Fine tuning" with Duncan's new multiple range test

As shown in figure 3, Duncan's new multiple rsuge test was used to investigate in more detail the
experimental variables (in the present case their interactions) that were not found to be significant by
analysis of variance. These interactions were

e atress: laboratory
® envirooment: laboratory
® stress: environment: laboratory.

As before, it was found that the SIFFRL and University of Pisa data were significantly different from the
rest. Thus the fatigue life data were analysed both with and without data for specimens that had been
disassembled, redrilled to press fit dimensions and reassembled (see table 2). Table 7 lists significant
differences indicated by Dupcan's test, which in the case of omitting data for reassembled specimens was
modified because of unequal sample sizes. This modified version of the test 1s also discussed in
Appendix I11.

Table 7 shows the following:

(1) A clear indication that the SIFFRL and University of Pisa data were significantly different from
the other participants' data.

Excluding the SIFFRL and University of Pisa data,

(2) At Slnax = 144 MPa there were significant differences between the AFWAL total log mean fatigue
life 3nd those for the DFVLR and NDRE.

(3) There were some significant differences in log mean fatigue lives for the fatigue testing
schedules of pre-exposure + fatigue in air and fatigue in salt spray. In more detail these
significant differences were found only for Smax = 210 MPa.

3.2.6 Checking for adequate sample size and differences in data scatter

Scatter in the CFCTP core programme fatigue life data was used to check for adequacy of sample size
(four specimens per test condition per participant). The method used is due to Lipson and Sheth (refer-
ence 5) and involves selecting an acceptable error level, usually 5 % or 10 Z, and finding the required
sample size for a particular confidence level. The sample size check has two purposes, namely

e to find the combination of ervor and confidence levels for which the actual sample size was
sufficient

¢ to give an 1indication of differences in data scatter between laboratories and fatigue test
conditions.

The actual sample size was sufficient for the combination of 10 % error and 90 I confidence levels except
for one case: pre-exposure + fatigue in air at Smax = 144 MPa by the University of Pisa. There was thus a
generally low scatter in the data and high reproducibility of the specimens and testing conditions for
each participant,

To indicate differences in data scatter the required sample sizes were determined for the combination
of 5 % error and 90 X confidence levels and are shown in table 8. The shaded regions denote exceedance of




11

the actual sample size, and since a larger required sample size reflects grearer scatter the results
indicate

{1) More persistent scatter for the RAE data.

{(2) The amount of scatter tended to increase with complexity of testing. This is particularly
noticeable for pre-exposure + fatigue in salt spray.

(3) For pre-exposure + fatigue in air there was much more scatter at the higher maximum stress level
of 210 MPa.

3.3 Presentation of Primary Fatigue Origin Data

As mentioned at the beginning of section 3, the primary fatigue origin data are compiled in table 2.
In the last column of this table there are remarks concerning specimens pre-exposed and fatigued in air.
Some of these specimens had corroded fracture surfaces near and at the primary iatigue origins. This
indicated that an aqueous sclution was present inside the specimens during fatigue testing, even though a
detailed cleaning and drying procedure was specified to follow pre-exposure (reference 1).

Table 9 classifies the farigue life and primary fatigue origin data for all specimens pre-exposed and
fatigued in air. For both stress levels the log mean fatigue lives of corroded specimens were significant-
ly shorter than those for uncorroded specimens., This was confirmed by statistical analysis that omitted
the data for interference fit specimens disassembled, redrilled to press fit dimensions and reassembled.
The statistical techniques used were a variance-ratio test to check for homogeneity of variances and the
t-statistic evaluation to compare two means. These tests are described in references (9, 10).

It is concluded that an aggressive aqueous solution was present inside the specimens with corroded
fraciure ~urfaccs. Most probably this was acidified aqueous NaCl remaining from pre-exposure. Information
on time delays between cleaning and drying pre-exposed specimens and fatigue testing in air was supplied
by the participants. There was no strong correlation between time delays and subsequent fatigue lives and
corroded fracture surfaces. However, from the NLR and AFWAL information it appeared that storing the
specimens for several days in desiccators resulted 1in relatively long fatigue lives and uncorroded
fracture surfaces, see table 2. This was considered sufficieut ground for amending the cleaning procedure
to require desiccator storage for at least one week, as mentioned in section 2.5 and specified in detail
in reference (1). This amendment was made only after CFCTP core programme data had been received from the
original eight participants. Of the remaining two, SIFFRL included desiccator storage but the University
of Pisa fatigue tested the specimens immediately after cleaning. Table 2 shows that corroded fracture
surfaces were not found for the SIFFRL specimens but were present iIn four of the University of Pisa
specimens, This is additional evidence that desiccator storage was effective in drying the specimens
completely,

Despite the significant effect of insufficient drying on the fatigue lives of specimens pre-exposed
and fatigued in air, table 9 shows there was no essentlal difference in the locations of primary fatigue
origins in specimens with corroded and uncorroded fracture surfaces. Thus it was felt that all the fatigue
origin data in table 2 could be classified together,

3.3.1 Classification of all primary fatigue origins

The primary fatigue origin data are classified in table 10. The table has four sub-divisions, which
will be discussed consecutively:

(1) Listiug the total numbers of each type of primary fatigue origin shows

- most fallures began in the bores (E/Q) or at the bore/faying surface corners (F/R) of fastener
holes: there was no evident preference with respect to outer (E,F) or imner {(Q,R) sides of the
holes

- failures at faying surfaces (G/S) occurred mainly to the outside of fastener holes {(G) probably
because the proximity of free edges facilitated relative displacements between the fatigue
specimen -1 and half plate -2 (see figure 1), thereby promoting fretting fatigue initiation

- very few failures initiated in the countersink areas: most were at the surface edges to the
outsides of fastener holes (B).

(2) Listing the primary fatigue origins for specimens tested by each participant reveals some inter-
laboratory differences. Possibly the most significant difference is that specimens tested by
SIFFRL and the University of Pisa had more bore/faying surface corner (F/R) primary origins than
specimens from other participants.

(3) The third part of table 10 gives a complete breakdown of the locations of primary fatigue origins
with respect to stress level and fatigue testing schedule.

(4) The last part of table 10 adds up the total numbers of primary fatigue origins per stress level
and fatigue environment.

The data distribution in parts (3) and (4) of table 10 reveals a predominant effect of stress level
on the locations of primary fatigue rvigine Thus stress level hae heen treated as the primary variable in
preparing figure 7, which supplements table 10. The table and figure show that
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@ stress level had a major effect:
- for Smax = 210 MPa the primary fatigue origins were mainly in the bores of fastener holes

- fer Smax = 144 MPa the primary fatigue origins were mainly at the bore/faying surface corners and

the faying surfaces

# the effect of fatigue envirooment was significant: changing from fatigue in air to fatigue in salt
spray promoted initiation in the bores or at the bore/faying surface corners of fastener holes and
reduced the number of failures initiating at the faying surfaces

@ pre-exposure resulted in several effects:
- relatively more primary fatigue origins in the bores of fastener holes
- a few primary fatigue origins at the surface edges of countersinks
- slightly fewer primary fatigue origins at the bore/faying surface corners of fastener holes
- reduction of the number of failures initiating at the faying surfaces.

The effects of pre-exposure and/or fatigue in salt spray may be summarised as especially promoting failure
initiation in the bores of fastener holes.

3.3.2 Statistical analysis of primary fatigue origin data

The x2 test of independence and the Yates' corrected x? test were used to determine whether there was
a significant association between the locations of primary fatigue origins and the experimental variables
of stress level and fatigue testing schedule (environmental effects). The SIFFRL and University of Pisa
data were omitted because they were considered non-representative. The results are summarised in table 11,
This confirms the impression gained from table 10 and figure 7 that both stress level and fatigue testing
schedule had significant effects un the primary fatigue origin locations.

Note that for Smax = 210 MPa there is no significant association between environmental effects and

primary fatigue origin locations. This is because the higher stress level and changing from fatigue in air
to pre-exposure and/or fatigue in salt spray had similar effects on the primary fatigue origin locations,
i.e. promotion of failure initiation in the bores of fastener holes.

3.4 Correlation of Fatigue Lives and Primary Origins of Fatigue

Owing to the results of the statistical analysis of fatigue lives, section 3.2, it was decided to
omit the SIFFRL and University of Pisa data from the correlation of fatigzue lives =1d primary origins of
fatigue.

Correlations of the fatigue lives and primary fatigue origins for the original eight participants in
the CFCTP core programme are given in table 12 and figures 8 and 9. Note that the two failures at the
surface edges of countersinks (B) for pre-exposurv + fatigue in air at Smax = 210 MPa have been omitted

from figure 8 since there were no similar failures for other fatigue testing schedules at the same stress
level. The correlations indicate the following:

(1) From figure 8 it is seen that there are no genmerally consistent relations between primary fatigue
origin locations and the fatigue lives for each test condition. However,

- for fatigue in air and pre-exposure + fatigue in air at Snax = 210 MPa the initiation of
t

failures in the bores and at the bore/faying surface corners of fastener holes tended to result
in shorter lives than failure initiation at other locations.

for fatigue in salt spray and pre-exposure + fatigue in salt spray at § o l44 MPa the
initiation of failures at the bore/faying surface corners of fastener holes c8Aded to result in
shorter lives than {ailure initiation at other locations.

(2

—

From figure 9 it is seen that for § = 144 MPa the effect of pre-exposure and/or fatigue in
salt spray in reducing fatigue life was more pronounced for specimens in which failure initiated
at the bore/faying surface corners of fastener holes as compared to other locationms.

Yates' corrected x? test (reference 11) and Fisher's exact test (reference 12) were used to determine
whether there were statistically significant associations between the locations of primary fatigue origins
and the fatigue lives for each test condition, i.e. each combination of stress level and fatigue testine
setieduse. The results are summarised in table 13. A significant association between primary fatigue origin
locations and fatigue lives was found only for fatigue in salt spray at § = l44 MPa. This agrees with
one of the trends noted from figure 8. It is concluded that the other thré%a‘rends, namely an association
between primary fatigue origin locations and fatigue lives for fatigue in air and pre-exposure + fatigue
in air at Smax = 210 MPa and pre-exposure + fatigue in salt sprav at Smax = 144 MPa, are uot sufficiently

well-founded.
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4, DISCUSSION
4.1 Primary Purpose of the CFCTP Core Programme

As mentioned at the beginning of this Part of the report, the primary purpose of the CFCTP core
programme was to establish whether participants could obtain confidence in one another's fatigue testing
capabilities with the added dimension of a controlled atmospheric corrosion cnvironment.

Statistical analysis showed that the SIFFRL and University of Pisa fatigue life results were
significantly different from those of the original eight participants. A partial explanatfon is available.
To supply the University of Pisa with CFCTP-type specimens it was necessary to disassemble interference
tit specimens, redrill to press fit dimensions and reassemble. This procedure apparently caused
significant reductions in the fatigue lives, especially at the lower stress level of S = 144 MPa. These
fatigue life reductions may well be related to an increased tendency for faillPE to initiate at
bore/faying surface corners of fastener holes in the University of Pisa specimens, see table 10.

In the case of the SIFFRL specimens, only six had been disassembled, redrilled and reassembled. The
rest should have been nominally identical to the first batch of spe:imens delivered t- +* . .riginal eight
participants, but it appears they were not. It 1s worth noting that the SIFFRL fatigue life data were
significantly different from those of the original eight participants wmairly on the basis of
straightforward fatigue testing in air, see figure 4 and tables 2 and 7. This weans that the source of the
difference is unlikely to have been different environmental conditions (pre-exposure and/or fatigue in
salt spray).

Excluding the SIFFRL and University of Pisa fatigue life data does not remove all the significant
differences found by statistical analysis. However, the remaining significant differences were few and
not consistently found:

(1) The least significant difference test indicated a sigpificant interlaboratory difference between
the AFWAL data and those for the University of Saskatchewan, Vought, DFVLR and NDRE, table 6.

(2) Duncan's new multiple range test indicated a significant interlaboratory difference between the
AFWAL data with S-ax = 144 MPa and those for the DFVLR and NDRE, table 7.

(3) 1n more detall, Duncan's test (table 7} indicated significant differences for

- pre-exposure + fatigue in air at Smax = 210 MPa between Vought and the NADC and DFVLR; and
between the NLR and the NADC, University of Saskatchewan, DFVLR, NDRE and RAE

- fatigue in salt spray at § = 210 MPa between Vought and the University of Saskatchewan,
DFVLR and RAE. max

An important factor in the significant differences fuund for pre-exposure + fatigue in air at Smax =

210 MPa was insufficient drying of some specimens after pre-exposure, resulting in shorter fatigue lives
and corroded fracture surfaces. The relevant data have been re-analysed by separating out the specimens
with corroded fracture surfaces. The results are given in table 14. All of the previously ipndicated
significant differences have been eliminated.

In view of there being only a very few unexplaired significant differences found by statistical
analysis and the generally low data scatter (see section 3.2.6) it is concluded that

e with the exception of the unamended cleaning and drying procedure after pre-exposure, the first
batch of CFCTP core programme specimens and the mechanical and environmental testing conditions
were highly reproducible

e the original eight participants in the CFCTP core programme can have confidence in each other's
results.

In other words, with the exception of the two later participants, SIFFRL and the University of Pisa, the
primary purpose of the CFCTP core programme has been achieved.

It is most unfortunate that the SIFFRL and Unjversity of Pisa results wece significantly different
from the rest. However, on the positive side these later results emphasize how important and necessary 1t
was to do the CFCTP core programme, to provide a detailled technical manual for mechanical and environ-
mental testing, and to supply the original eight participants with specimens from one batch,

4.2 Envircnmental Effects

Statistical analysis of the CFCTP ccre programme fatigue life data showed that the effects of
different fatigue testing schedules (environmental effects) were significant and consistent at both stress
levels. Both pre-exposure and fatigue in salt spray significantly reduced the fatigue lives, especially in
combination. An overall impression of these results is provided by figure 10, which also separates out the
data for specimens found to have uncorroded fracture surfaces after pre-exposure + fatigue in air. Figure
{0 shows two additional trends:

(1) Environmental effects were relatively greater for the higher Smax of 210 MPa: many environmental

fatigue data in the literature show that the reverse trend would be expected.

(2

~

The statistical rcsult that the effect of pre-exposure was similar to that of changing the
fatigue environment from air to salt spray (see table 6) is a consequence of including data for
specimens that had corroded fracture surfaces after pre-exposure + fatigue in air.
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4.2.1 Dependence of environmental effects on stress level

In sections 3.3.1 and 3.3.2 it was shown that stress level was a major variable controlling the
locations of primary fatigue origins, see figure 7 and tables 10 and Il. Fuu smax = 210 MPa most failures

began in the bores of fastener holes. On the other hand, for Smax = 144 MPa most failures began at
bore/faying surface corners and the faying surfaces.

Pre-exposure and/or fatigue in salt spray especially promoted failure initiation in the bores of
fastener holes. 1t is most likely that environmental effects will be greater when they promote character-
istic failure modes. This explains why the observed environmental effects were relatively greater for
S = 210 MPa.

max

There is an important conclusion to be drawn from this explanation of why the environmental effects
were relatively greater for a higher stress level, in contrast to many other data in the literature.
Correct assessment of environmental effects requires the specimens to be realistic. The CFCTP corve
programme specimens were designed to closely simulate a fatigue critical structural joint and their
behaviour is more likely to be representative than that of simple coupons, which constitute the majority
of specimens used in environmental fatigue testing.

4.2.2 Environmental effects and fatigue life data scatter

As table 8 shows, there was a general trend for fatigue life data scatter to increase with complexity
of testing, i.e. when the environmental variables of pre-exposure and fatigue in salt spray were included
in the testing schedules.

For pre-exposure + fatigue in air there was much more scatter in the fatigue life data at the higher

Smax of 210 MPa. This is an unusual result, since scatter usually decreases with increasing stress level.

The explanation lies in the variable effect of insufficient drying of some specimens after pre-exposure.
Insufficient drying caused significantly reduced fatigue lives and corroded fracture surfaces, and there
were many more such specimens fatigue tested at smax = 210 MPa, see table 9.

4.3 Primary Fatigue Origin Locations

As discussed previously, stress levels and fatigue testing schedules (environmental effects) had
significant effects on the locations of primary fatigue origins in the CFCIP ccre prosramme specimens.
This {s shown in figure 7 and tables 10 and 1l. Also, there were some indications that for a given fatigue
testing schedule the inittation of failures in the bores and at the bore/faying surface cormers o
fastener holes resulted in shorter fatigue lives than failure initiation at other locations, see figure 8
and table 13,

It is evident that examination with respect to primary fatigue origins and fracture surfaces was
essential for understanding the fatigue behaviour of the CFCTP core programme specimens. In fact, such
examinatfon should always be done when investigating the fatigue behaviour of realistic specimens.

5. CONCLUSIONS

The CFCTP core programme of round-robin testin: has demonstrated that

(1} The original eight participants may be confident in one another's environmental fatigue testing
capabilities,

(2) With the exception of the unamended cleaning and drying procedure after pre~exposure, the first
batch of CFCTP core programme specimens and the mecharical and environmental testing conditions
were highly reproducible. (The amended cleaning and drying procedure is reproducible and should
be adopted in further tests).

(3) Environmental effects on fatigue lives were significant and consistent.

(4) Realist:ic s; ~imens are neregsary for correct assessment of environmental effects.

(5) Examination with respect to fatigue origins and fracture surfaces is essential.

Finally we conclude that, for at least the original eight participants, supplemental testing pro-
grammes directed to the requirements of individual participants may be carried out with confidence that
the results from differeant labora ories can be compared.
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TABLE 1: OVERVIEW OF THE CFCTP CORE PROGRAMME

MATERIAL

SPECIMEN

PROTECTION SYSTEM

PROTLCTION SYSTEM
DAMAGE

FATIGUE LOADING

FATIGUE ENVIRONMENTS

STATIC PRE-EXPOSURE

TEST PROGRAMME

STATISTICAL ANALYSIS

PARTICIPANTS

CFCTP CORE PROGRAMME

3.2 mm thick 7075-T76 aluminium alloy sheet

PRESS FIT Hi-Lok FASTENERS

Chromate conversion + inhibited epoxy polyamide primer
(except fastener holes) + aliphatic polyurethane topccat

Two stress cycles at low temperature (209 t 10 K) to crack primer and
paint around the fastener heads

Constant amplitude, $ /S = 0.1

min’ “max

Laboratery air; 5 % aqueous NaCl salt spray with pH 4 at [0 F

72 hours in 5 % aqueous NaCl + S0, at 315 K

NUMBER OF SPECIMENS

SCHEDULES CYCLE
s - 210 MPa S =~ 144 MPa FREQUENCY
max JX
Fatigue in air 4 4
Pre-exposure + 4 o 2 Hz

fatigue in air

Fatigue in salt 4 4

spray

Pre-exposure + 4 4 0.5 Hz
fatigue in salt

spray

Fatigue lives and pri.-=; fe~igue= origins

(1) Naval Air Development Centre NADC, Warminster, Pennsvlvania USA

(2) University of Saskatchewan, Saskatoon, Canada

[$)] Vought Corporation, Dallas, Texas, USA.

(4) Air Force Wright Aeronautical Laboratories AFWAL, Dayvton, ohio.
UsA.

(5) National Aerospace Laboratory NLR, Emmeloord. The Nethevlands

(6)  Deutsche Forschungs- und Versuchsanstalt fur Luft- und Raumfahrt
DFVLR, Cologne, Germany.

(7 Norwegian Defence Research Establishment NDRE. Kjeller. Norway

(8)  Royal Aircraft Establishment RAE, Farnborough, lnited Kingdom.

(9) University of Toronto SIFFRL, Toronto, Canada.

(10) University of Pisa, Pisa, Italy.
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TABLE I: FATIGUE LIFE AND PRIMARY ORIGIN DATA FOR THE CFCTP CORE PROGRAMME
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b TABLE 3: SUMMARY OF BOX TEST RESULTS (95 X CONFIDENCE)
CES
FATIGUE TESTING SCHEDULES Spax | F HOMOGENEITY OF AR e80) REMARKS
aeay] © | Fo < Fo05:0:739 7 -
210 | 1.925 no very slight viclation
fatigue in air 1454 { 1.984 no very slight violation
E 210 | 1.249 es
pre-exposure + fatigue air w6 | 3,795 io moderate violation
h 210 | 0.736 yes
E fatigue in salt spray 144 | 0 816 Yes
-
; 210 § 0.655 yes
E pre-exposure + fatigue in salt spray 146 | 0 836 Jes
3 TABLE 4: SUMMARY OF BARTLETT TEST RESULTS (95 % CONFIDENCE)
P
COMPARISONS OF DATA FROM DIFFERENT Smax X2 HOMOGENEITY OF VARIANCES REMARKS
HED! 2 2 -
i FATIGUE TESTING SCHEDULES (MPa) ° (xc < X§ 05:1 3.841)
fatigue in air/ 210 5.151 no moderate violation
pre-exposure + fatigue in air 144 | 0.366 yes
fatigue in air/ 210 |-0.021 yes
fatigue in salt spray 144 | 2.459 yes
fatigue in air/pre-exposure + 210 | 0.066 yes
fatigue in salt spray 144 } 2.189 yes
pre-exposure + fatigue in air/ 210 5.403 no moderate violation
fatigue in salt spray 146 | 0.921 yes
pre-exposure + fatigue in air/ 210 ] 6.495 no moderate violation
pre-exposure + fatigue in salt spray | 144 { 0.757 yes
fatigue in salt spray/pre-exposure + | 210 | 0.040 yes
fatigue in salt spray 144 | 0.012 yes
TABLE 5: SUMMARY OF ANALYSIS OF VARIANCE RESULTS (95 7% CONFIDENCE)
SIGNIFICANT EFFECTS OF EXPERIMENTAL
3 SOURCE OF VARIATION F DISTRIBUTION VALUE Fo VARIABLES (Fo > F DISTRIBUTION VALUE)
‘ @ MAIN EFFECTS
- stress 3.89 1572.877 yes
- environment 2.65 45.055 yes
- laboratory 1.93 5.763 yes
@ 2-VAY INTERACTIONS
4 - stress:environment 2.65 2.662 yes
- stress:laboratory 1.93 1.637 no
- environment:laboratory 1.54 1.397 no
! @ 3-WAY INTERACTIONS
- stress:environment:laboratory 1.54 1.478 no




N

19

SINIRNOYIANT - S3ISS3ULS .

SNIRIDI4S QTIANISSYAY ¥O4 VLIVQ 41T INDILVYS JO NOISSIWG

SINVZIDIl¥Vd N3L TIY WOMd VIVQ 341T Ano1ivd

594 e sak Sl sak 5o 594 10 1ds 3ges uj anF1awj + einsodxe-aid/Kexds 1qes ul sndyie;
sak 9007 s94 10" sk 81070 sok siro kerds 1les uj onByiwj + sinsodxs-e1d/ifw uj andriej + sinsodxe-21d
ou 1851 ou 95271 ou 98070 ou £00°0 Keads a1es up en@yaej/ate up anB1ie) + sinsodxa-21d
sak s s94 S0c 6 59k 8 o sa4 (610 Keds 11es up an¥13e) o aansodxs-01d/a1w uy ondyie;
9k 619°¢ 534 506 9 EETS 1810 sak ¢ 0 Awids 3jes uj andjiej/iye ur andiimy
sok 266°1 sak "s's sk 560°0 sak 992 0 e Uy en¥1aw + @ansodxe-21d/37% ut andiavy
- ; 50, - )
sy - O1TIST0°0, o) o1 - OIS0 04 4, (980 0 ~*° Cgs1{sanrt anotiva|(9s0'0 ~*0 Yas1|s3n11 ANOILVS
L . o | < IoMmmasto] Nvak 501 | < 30NIWIIAIQ) | NV3W 901
FONIHILA1Q INVOI4IROLS IINYILIIA INVILSINOLS 30NIYILA 10 Na3MLIE ININAAS1G Na3nLIa
INVOLAINOIS | 30NJRJII0 |  LNWOLJINOIS | 3oNaw3ddld STINGIHOS ONILSAL INDILV4 INIHTAIIC HOMJ VLIVO 4G SNOSINVANOD
o P e o
ean ot - < ean o1z = s waw ot = < waK 01z = s
SNINIDIAS QI TEWISSYIY ¥O4 VIVWQ 3417 3ND1ivE JO NOISSIKO SINVAIDILYVd NIL 11V WOMd VIVA 3417 3n0I1vd
w1z FYAN/ VALY 5$9°2 WA/ 183415 sol1°0 FYAN/TYMIV o ¢ WIN/VSId 010 FWAN/THISIS
990 ¢ FIAIA/ VALY £68°¢ WIN/THd41S 8600 Wada/1vedv 692°0 - VALY/VS1d 601°0 © WIAQ/W4IIS
9¢°2 LHONOA/TYAIY 119°% TYRAY/THIIIS ZI1°0 ©  IHOMOA/ YAV £S1°0 1 IHDNOA/YSId e ¢ AIN/EL41S
%207 ASYS/TVA4V SLE°C ¢ LHDAON/THAALS o ava/vsia €10 NSVS/¥51d (020 ¢ Ivmav/TaddIs
vy IVE/T8441S $69°2 TASYS/TH441S %91°0 FYAR/VS1d 602°0 DAVN/VSId TIT°0 ¢ "ASYS/144d1S
S1°7 C WON/TWALS €n'e 2aVN/T8 15 1to NIAIQ/VSTd 281°0 ¢ IVA/uddls 10 DQVN/INdATS
(zee 1 = 1879090y ¢ uy yongyIda1 TNDLAINDLS (960°0 =00 05T < 3NINTIAIQ) SIALT FNDILVS NVAW DU NIIMLIE IONIUIIAIQ INVOLAINOIS
SNIWIDAAS GITEWNISSVIN HO4 VLIVA 1T INDIIVE 40 NOISSIWO SINVAIDIIWV NIL 1TV WO VIVQ J417T 30011v4
LY AL sk 1o Ae1ds a[es uy andjie) + sansodxa-2ad/Keids ates uy anfiyey
sak 99 9 sk o fvads 11vs w1 anB1393 + 2ansodxe-23d/11v U anBjaey + sansodxe-sid
sk 920°2 ou [XONY 4vads 11es uy enBiiej/ave up enSyiw) ¢ ainsodxe-sid
52k 059 11 sok "t o vids 21es uy enBjasy + eInsodxa-v1d/xjw uy enSjaE;
sok 6171 sok 220 Aeads 31es up enSiaes/ijw uj endyie;
sak oS 5ok 810 11w u enf1iey + ainsodxo-axd/aje uy endiavy
(zr6-1 = O1E7S20705 o ) (190°0 = °% %as1 < 3oNzWIIIID) SIATT 0011V NVEH
BON3¥I4410 INVDIJINOLS AONIH3LA1Q INVOLIINOIS D07 NIIMLIAE FIONI¥IIL1Q STINGIHIS ONILSIL INDTIVS INTHIIAIQ WOUL VIVA 40 SNOSIYVAHOD

S3101VHOEVT @

SINIHAO¥IANT @

(FONFATINOD % G6) LSHL FONFWTIIIA LNVIIJINOIS ISVIT FHL 40 SLINSTA

9 IT9VL




20

SITAOIVHOEVT
‘SINIMNO¥IANT (S3SS3ULS @

SITHOLVHOEVT
'SINIHNOAIANT @

IVY/VS1d ¥1A4Q/LHONOA

WAN/VS1d IVR/VSIE

IU/TIN ¥1A4Q/¥S1d IWON/YS14
JUAN/ AN FIN/YS1d FIN/¥S1d avi/vsld
FIAIQ/HIN TIVRIY/YS1d AVE/AING TemV/VSTd FINA/v51d
ASYS/WIN ‘IVA3V/vs1d|  1HONOA/YSId ¥S1d/1HO00A BHON/HIN|  IHONOA/VS1d AIN/¥SId
IVE/ LHOROA DOYR/FIN DUVN/VS1d ASVE/VS1a 3VH/LHONOA FIGA/TIR|  ASVS/VS1|  TvRIV/vSId
IVAIV/TUIATS WIAIQ/LHONOA| HIA4G/IHDNOA TYAIV/TELITS DAYN/VS1d | LHOROA/THIAIS| ¥IAIG/LHINOA ASVS/¥IN|  VSI4/THAAIS 2a¥N/VS1d
DQVN/TWALS|  3VH/TH4dIS| HSYS/LHONOA| OAVN/IMONOA| TvAdv/Tudd1s] OQVR/TH44IS|  3VH/THLITS| TYAIV/THLIIS| ASVS/LHONOA DQVN/MIN|  WIN/THIATS| TYMIV/TH44IS

&eids 1yvs e Aeads 3(es
T T Bt BT I TTe i IR Bt ) e hisod NSOV ek sd [OPRNROUN L IR
sInsodxa-21d 3 B3 5 iasodxa-a1d ¥ 1373 aansodxe-sad L4 ! 3 REF| uy endyasy + o 1 andiand
e xou Xvd %08
LTI LR PaW 017 =S LZL L) ST AN OIZ = S
SNIR1DTdS OTTARISSYIY HO4 VIVA 3417 INOILV4 40 NOISSINO SLNVAIDILUVA KA1 TIV HOU4 VIVQ 3411 FNITLVE
AVY/18441S I \asasusonoa aVE/VSId TYALY/VS1d
I/ NN AN/ THLATS TVAIY/LHONOA FIN/¥S1d 1HONOA/YSTd
IVA/LHONOA WIAI0/THdd1$ Iva/¥S1d IVALV/VS1d 2aVR/¥S1d
FIAIQ/IHONOA TYN/FIN FIN/THIATS FIAQ/¥S1d LHONOA/VS1d IVA/¥SId | ¥IAIQ/THIAIS
TVALY/LHONOA I/ FIN TVAIV/T4ddLS TVAIV/VS 1 TASVS/vS1d AAN/VS L WIN/ LTS
AVHVRAILS DAVR/WIN LHOMOA/TMIATS IV/TIN AVY/THddIS OQVN/¥IN DavN/v$1d IA4G/YSTd | LHONOA/THIAIS
FIAIQ/THIA 1S FIALQ/ YAV J0YN/ LIS AVY/ LHON0A FIAAQ/ TR IS FIAIQ/IYMIY T/ TS WIN/YSLd | TeMdY/THIILS
aye
m:“_“wu“ﬂ uy angi1e; 1re uy anBpae; fexds ayes vy end1oey | 11% up on@raes + sinsodxa.ead 116 uy anfyaey
¥oendhey + sansodxa-o1d
SN3HID3S UTTENISSVAY 04 VAVG 3311 3n01LY4 SO NOISSIHO SINVGIDILEVA NIL TIV KON VLVQ 3417 30011V

UGN/ TVASY TVAIV/TH441S AN/ TV WIAIQ/VSId ASYS/VSId TYAIV/TH441S vy/vs1d
FINIQ/TVASY LHONOA/TRALTS FIAIA/TVAIY FIN/VS1d DQVN/YSTd IHONOA/TRIIIS HIN/VSTd
IVI/THATS “ASVS/THIATS IN/VS1d AVAIV/VSTd IVE/TUIdTS ASVS/144d1S YRIV/VSTd
WIN/TUETS DOYN/T¥441S YVIN/TH4ATS IAAN/VS 1D IHONOA/VSTd YIN/Tddd LS 20VR/THRLLS IR/ TALLIS
— ]
wan oy = s e o1z = s eaH vl = S wan otz = s

SNIWIDZJS QATIWISSYIF WOd ViVQ 3417 INOTLIVE 4O ROISSIWO

SINVSIDIL¥Vd N3IL TIV NO¥J VIVQ 3417 INOILvd

SRIVOIVHOEY1 SISSIULS @

(JONAATINOD % §6) LSHL FONVY TIdTLIAW MAN S$,NVONNQ AS (HLVOIANI SIONTYHIITQ INVOITJIINOIS

L 9TEVL

N 7o

o -l o




Aeads 11es

£ wy ~ " ~ [
uy andtiey + dansodxa-iad b he N -
o
M Aeads 1es ul an' e} - = o w < “ = I - o
4
<
-
"
] 1
w 31 Ul anBi3e nsodxa-aad o~ ~
> % ! ! 13e] + danso -93 K] o~ -~ o~ < - o~ B ]
3
3 g
wv
wl
Q
2
o ate up andA1IR} < ~ o~ < ) ) = ] Rl B
=
B
Zz
=}
s}
d s
v Aeads 1tes © = " o n w o ' [l w
o ur and1iej + sansodxa-sad
N
a
2 g
" x Aeads 11es ul anitie} ) o o~ S - b ) n = <
=}
% <
-
(%] o~
e [}
" % ate uy and13Ie} + 3ansodxd-sad @ 3 " el d " o ~ L) ©
w i
o &
o w
[
o0
5 die ut andize] L) v = Bl L) ) - el o L)
[
0
=
=
E
1721
g
2
g
. o
« 3
3 &
] Z M
2 -
A [
o o
m . .
z £ &
5 o & = &
] =] = = o & =
= Q > %] < 5] >
M a - 2 W m W 0 =] fa =}
< = <3 a 3 - =
a Z = 5 < z a z % =)
lernnwxli e YA -
-y o ~———f -




22

PI[QEASSEAl PUT SUOTSUBWYP 173 SS2d 01 PIT[IAPAI ‘pafquassesip suswidads 3] BOUIIIFILIU] ¢

0 1 s 91 6 [4 9z£'Z11  [papoiiodun z 4 ¢ A 826'91  |pspoizodun
1 [ 0 0 Y 14 960°19 paporIod ° 0 13 1 (86'9 paporiod
a’a 0/ N/9 s/ ¥/4 b/4 (ST10KD) No1Ltanoo|  w/e s/9 ¥/3 0/3 ($37089) NOILIANOD

3317 INOILVA[  IOVAUNS 3417 3N91IV4| 3oVuns
NIDI¥O ANVHINA 40 3dAL HOVI 40 SH3ILHNN NV3H 20T FUNLOVE | NIOT¥O AYVHINA 40 3JAL HOVE J0 SUIGHAN| NVIW 90T AALOVES
x 656" L8 * £88'2¢
x * 929°0(2 * 295'82
x [2A08 X4 * 8.L'm
x S16°961 x * 165 w2
x 296981 x 87907
x 009° €51 x [A4 14
* 123354 ¢ x 891'02
x 001621 x €28°61
x 008221 x 000°61
x 06€'221 x 0£9°81
X 190" 611 x Tv5°81
x S08°811 x o1t 81 papoizodun
X 965911 x 85y 91
* 006211 X %52 91
x TR 8¢ X 00¢°61
X 082'011 x v 8521
x 1601 x 00€°21
X 088'¢01 |paporiodun, x e 0£2'21
® 902" 901 x 002°21
X 192501 x 02y 11
x 92¢"201 x 062'01
x $80'96 X * 000'8
X €n2'56 X 009751
* 086'16 x 1432811
: + 026°(8 x £20°¢1
x €12°¢8 x 046'01
x 972 €8 * €60°01
x £8%°28 x 89L°8
x * 0SE°'08 x 8L%'8
x 026° 1L x £se's
x 028" 1¢ x 086°L
% TR x 186’9 pepoied
X * 995'6Y x 892’9
x 798798 x €68’
* z16°58 x 166" %
* 828°8¢ x ¢ 968'%
x 0ZT°9¢ Papoiiod x §95'%
x e x 0E6'€
* 86% wn x * Z0'e
% +911'22 x - wl'e
d/a /2 N8 s/9 ¥/4 b/3 (S310R0) NOILIGNOD N/d s/9 /4 b/ (s310R0) NOILIQNOD
FVNTIVA OL | 3Iovduns 3MIV4 0L | 3Fovauns
SNIOIYO AUVMI¥A 40 SNOILVIOT 3417 INOILVE| 3Funiovay SNISTHO AYVKINA 4O SNO1LVDO1 3417 INOTIV4]|  FANIOVAL
ean o1 s eaw 01z = s
"IV NI GIIS3L dNDTLVA ANV (FSOdXT-T¥d SNIWIDFAS TWWVEDOUd FHOD 41040 ¥O3 VIVG NISTNO X4VWI¥Nd QNV 3411 ANDILVY 6 TTEAVL
. o VR q s g e lemetiny




23

TABLE f0: CLASSIFICATION OF CFCTP CORE PROGRAMME PRIMARY FATIGUE ORIGINS
BORE OF BORE/FAYING FAYING SURFACE EDGE COUNTERSINK COUNTERSINK/
. TOTAL NUMBERS OF JFASTENER HOLE|SURFACE CORNER| SURFACE |OF COUNTERSINK BORE TRANSITION
EACH TYPE OF E/Q F/R G/S B/N c/0 D/P
PRIMARY ORIGIN
68/59 58/60 48/20 9/2 3/0 2/1
PARTICIPANTS £/Q F/R G/S B/N c/0 b/P
NaDc 14 9 7 1 1 [
SASKATCHEWAN 14 12 9 0 0 0
VOUGHT 16 10 5 1 [ 0
AFWAL 11 10 10 0 2 1
@ NUMBERS OF —
PRIMARY ORIGINS NLR 15 8 7 3 0 0
PER PARTICIPANT
DFVLR 15 12 6 0 0 0
NDRE 15 1n 4 3 1] 0
RAE 8 8 11 3 0 1
SIFFRL 12 16 6 Q ] ]
PIsa 7 22 3 0 0 1
FATIGUE TESTING Smay™ 210 MPa Spay = 144 HPa
S
CHEDULES E/Q | FR [ G/s || e | FR| G/s | BN | crof bp
@ NUMBERS OF
PRIMARY ORIGINS fatigue in air 23 14 8 0 0 15 25 0 0 0
AY
PER STRESS LEVEL pre-exposure + fatigue| 23 14 2 2 4 13 16 5 1 1
AND FATIGUE in air
TESTING SCHEDULE
fatigue in salt spray | 28 16 0 0 7 19 10 0 1 1
pre-exposure + fatigue} 33 9 0 [ 9 18 7 4 1 1
in salt spray
all schedules 107 | 53 10 2 20 65 58 9 3 3
S = 210 MPa S = 144 MPa
FATIGUE ENVIRONMENT max nax
E/Q | F/R | G/s [ BN | E/Q | F/R | G/s | B/N | cro | DyP
NUMBERS OF
PRIMARY ORIGINS fatigue in air
PER STRESS LEVEL [(with and without 46 128 110 4 2 s |28 ) 3 1 1
AND FATIGUE pre-exposure)
ENVIRONMENT
fatigue in salt spray
(with and without 61 25 0 [¢] 16 37 17 4 2 2
pre-exposure)
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TABLE 11: SUMMARY OF x? TEST OF INDEPENDENCE AND YATES' CORRECTED x? TEST FOR THE CFCTP CORE PROGRAMME
PRIMARY FATIGUE ORIGINS (95 Z CONFIDENCE) OMITTING THE SIFFRL AND UNIVERSITY OF PISA DATA
SOURCE OF SIGNIFICANT ASSOCIATION BETWEEN STRESS
ASSOCIATTON| FATIGUE TESTING SCHEDULES X§.05: (e-1)(e-1y | X4 O x3 |LEVEL u:nosmzaiv FATLGUE onxcms)
(g O %2 > X3 05 (r-1)(c-1)
fatigue in air X3 g5 = 599 | x3 - 28.40 yes
STRESS pre-exposure + fatigue (n air xé_os_’z -5.99 X§ = 10.80 yes
LEVEL fatigue in salt spray xs 05:2 ~ 5.99 )(6 - 17.48 yes
l pre-exposure + fatigue in salt spray] x3 .o, - 3.84 | x2-10.27 yes
SOURCE oF S (MPa) 2 2 ERVIROMENT AND. PRIMARY FATIGUE ORIGINS
ASSOCIATION max X5.05; (r-1)(c-1) X5 e )
(g > X905, (r-1)(c 1)
ENVIRONMENT
(FATIGUE 210 X$.0s;3 = 7-81 7.18 no
TESTING
SCHEDULE) 146 x§.05:6 = 1259 28.36 yes
TABLE 12: CFCTP CORE PROGRAMME PRIMARY FATIGUE ORIGINS CORRELATED WITH FATIGUE LIVES, OMITTING THE SIFFRL
AND UNIVERSITY OF PISA DATA
s NUMBERS OF PRIMARY FATICUE ORIGINS AND LOG MEAN FATIGUE LIFE (CYCLES)
max LOCATIONS OF
(MPa) | PRIMARY ORJGINS fatigue In air pre-exposure + £atigue | £iiiue in sale spray | PT:eXPosure + facigue
n air {n salt spray
E/Q 20 ;22,606 20 : 12,219 22 : 10,583 28 : 8,153
210 F/R 9 : 21,207 9 : 10,916 13- 11342 s . 8,937
c/s 7. 29,699 2 130,648 0. - [
B/N 0 - 2 : 22,089 0o: - 0o: -
E/Q 0: - W 92,770 6 124,192 8 . 76,019
F/R 9 : 162.489 9 : 100,472 13 65,701 13 - 55,010
et ©/s 23 : 129,873 12 : 119,938 10 : 116,807 5 ;. 80,906
B/N 0o: - 5 1 117,706 0o - 4 : 86,035
c/0 0. - 1: 122,800 1 122,092 1 73,840
o/P °o: - 1. 78,828 0 - 1: 73,80
TABLE 13: SUMMARY OF x? TESTS FOR COMPARISON BETWEEN CFCTP CORE PROGRAMME PRIMARY FATIGUE ORIGINS AND

FATIGUE LIVES (95 % CONFIDENCE) OMITTING THE SIFFRL AND UNIVERSITY OF PISA DATA

s SIGNIFICANT ASSOCIATION BETWEEN PRIMARY
TIGU)
FATIGUE TESTING SCHEDULES max TYPE OF TESTS FATIGUE OR1GINS AND FATICUE LIVES
tea)
2
fatigue in sic 210 Xe ne
144 Fisher’s exact test no
210 2 no
re-exposure + fatigue in air N
P 164 v ne
2
fatig  in salt spray 210 xe o
ta4 Fisher's exact test yes
210 Fisher's exact test no
pre-exposure + fatigue In salt spray 1aa & o
<
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SECTION C-C

ALL DIMENSIONS IN mm I

>

{1) HOLE DIAMETERS 6.306 £0.044 mm FOR CORE PROGRAMME SPECIMENS (SLIGHT PRESS FIT).
HOLE DIAMETERS 6.248 £0.0127 mm (INTERFERENCE FIT} OR 6.306 £0.044 mm (SLIGHT PRESS FI'} FOR SUPPLEMENTAL TESTING SPECIMENS.

{2 ALLHOLES MARKED THUS * A" ARE 18*30'8 mm OIAMETER.

(3) SPECIAL TOLERANCE INDICATIONS ARE 250 = 251 0.05
250 =25¢01
50=25¢02

Fig. 1 The CFCTP core programme and recommended FACT supplemental programme specimens
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[ PRESTRESS IN COLD aou

E DESICCATOR STORAGE ]

|| Fanicue vest procramme ]

EDGES AND Hi-Lok COLLARS

SEAL FAYING SURFACE SIDE

PRE-EXPOSURE

IMMEDIATE CLEANING

IMMEDJATE TESTING DR DESICCATOR
STORAGE IF DELAY UNAVOIDABLE

SEAL FAYING /\\
SURFACE SIDE EDGES
| 8 SPECIMENS l AND Hi-Lok COLLARS 1 nsvecmzns I [ nsvecmsns i

FATIGUE N FATIGUE IN FATIGUE iN FA"GUE IN
SALT SPRAY AIR SALT SPRAY

pg)

l DETERMINATION OF PRIMARY FATIGUE ORIGINS _l

l DESICCATOR STORAGE _l

Fig. 2 Schematic summary of the CFCTP test procedure
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AUALIFICATION
FOR MAIN
STATISTICAL
ANALYSIS

LCFCTP FATIGUE DATA ‘

lj FATIGUE LIVES i

TEST FOR NORMALITY

® ARITHMETIC AND LOGARITHMIC
NOAMAL PROBABILITY PLOTS

® \? TEST FOR GOODNESS OF FIT

NORMAL 0R
APPROXIMATELY NORMAL
DISTRIBUTION

TEST FOR HOMOGENEITY OF VARIANCES)

® BOX TEST TO CHECK FOR
INTERLABORATORY DIFFERENCES
PER FATIGUE TEST CONDITION

® BARTLETT TEST TO CHECK FOR
OIFFERENCES BETWEEN
FATIGUE TEST CONDITIONS

HOMOGENEOUS
OR APPROXIMATELY HOMO-
GENEQUS VARIANCE

-

L PRIMARY FATIGUE ORIGINS j

X2 TEST OF INDEPENDENCE
oR

YATES’ CORRECTED x2 TEST
oR

FISHER'S EXACT TEST

® ORIGINS AND STRESS LEVELS
ORIGINS AND ENVIRONMENTS

® FATIGUE LIVES AND ORIGINS
PER TEST CONDITION

ANALYSIS OF VARIANCE

LIPSON AND SHETH METHOD

MAIN
STATISTICAL
ANALYSIS

“FINE TUNING™

@ MAIN EFFECTS

@ SAMPLE SIZE AND DATA SCATTER

— stress
-~ envirpnment
- laboratory

® 2-WAY INTERACTIONS
- stress: environment
— stress: laboratory
- envirgnment: labaratory

® 3-WAY INTERACTIONS
- stress: environment: laboratory

[T.EAST SIGNIFICANT OIFFERENCE TEST l

| QUNCAN'S NEW MULTIPLE RANGE TES?‘

Fig. 3 Survey of statistical methods for analysing the CFCTP fatigue life and primary fatigue origin data
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Fig. 5 CFCTP core programme fatigue life data per psrticipant and testing schedule
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Fig. 7 Effects of stress level, fatigue ecnviro.ment and pre-exposure on locations of CFCTP core programme
primary fatigue origins
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PART 1I

THE FACT SUPPLEMENTAL PROGRAMME

1. INTRODUCTION
1.1 Overview

The FACT supplemental programme of fatigue testing followed on from the CFCTP core programme. The
FACT programme was included so that individual participants could investigate corrosion fatigue problems
of particular relevance to their own interests and yet within a broader cortext. To achieve this the
individual programmes were set up with a high degree of commopality. This is shown in the overview in
table 1.1. Most participants tested 1} dogbone spccimens (the same type of specimen used in the CFCTP)
under nominally identical mechanical and environmental conditions. Concerning these aspects the technical
manual required for the CFCTP (reference 1) also included supplemental testing guidelines for specimen
manufacture, application of protection systems, specimen assembly, pre-exposure, and fatigue and corrosion
fatigue under flight simulation loading (FALSTAFF and MINITWIST, references 2 - 5).

The individual contributions to the FACT programme will be presented in this part of the report in
the same order as in table l.l. These contributions also include summaries of the statistical methods used
to analyse the results. A detailed description of these statistical methods is given in Appendix II.

It can be seen from table 1.l that the main interest of several participants was to compare the
environmental fatigue properties of a number of aluminium alloys in various tempers. However, owing to the
calibratory function of the CFCTP and the participants' active cooperation in obtaining the many
similarities and comwmonalities within the FACT programme, it has also been possible to make inter-
participant comparisons of materials and the effects of different protection systems and fasteners. These
inter-participant comparisons are the subject of Part 1V of this report.

1.2 Recommended Specimen Configuration

The recommended specimen configuration for the FACT prograwme was the 1} dogbone used in the CFCTP
core programme. The specimen configuration is illustrated in figure 1.l. As mentioned in Part Il of this
report, the specimen was designed to simulate the load transfer and secondary bending characteristics of
runouts of stiffeners attached to the outer skin of an airframe structure. The design goals were a load
transfer of 40 Z and a secondary bending ratio of 0.5 (reference 6). These characteristics have been
checked and the actual values are generally lower, see Appendix I.

1.3 Flight Simulation Fatigue Testing
1.3.1 Short description of the manceuvre spectrum FALSTAFF

The manoeuvre spectrum FALSTAFF (Fighter Adrcraft Loading STAndard For Fatigue evaluation) was
developed by several European laboratories (references 2 - 4). The spectrum is illustrated in figure 1.2.
It is divided inte 32 load levels. The load sequence consists of blocks of 200 different flights
classified into three groups of mission types:

e flights with repetitive patterns of severe manoceuvring
o flights with severe manoceuvring
e flights with mainly moderate manoeuvring.

The sequence of flights and flight loads is random. Owing to the spectrum characteristics there are many
flights containing high loads, although level 32 is reached only twice, in flights 32 and 173. An
illustration of the flight-by-flight loading pattern is given in figure 1.3.

1.3.2 short description of the gust spectrum MINITWIST

The gust spectrum MINLTWIST (reference 5) is a shortened version of TWIST (Transport WIng STandard)
that was developed by two European laboratories (reference 7). The spectrum is approximated for testing
purposes by the stepped function shown in figure 1.4. Stresses are expressed non-dimensionally by dividing
them by the stress pertaining to undisturbed cruising flight (§__). There are ten gust load levels and one
ground load level. wf

MINITWIST consists of blocks of 4000 different flights. There are ten flight types, ranging from
storm (A) to calm (J) conditions. Basic properties of the load sequence are:

e the flights and loads for each flight are applied in a random sequence except that clustering of
severe flights has been avoided

¢ the loads within each flight are applied as a random sequence of half-cycles in such a way that a
positive half-cycle is followed by a negative half-cycle of arbitrary magnitude

® load sequences have been generated individually for each flight., This means that flights of the
same type generally have different load sequences.

The severest flights are 1656 (type A), 2856 (type B) and 501, 2936 and 3841 (type C). An illustration of
the flight-by-flight loading pattern is given in figure 1.5.

— —
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1.4 Establishment of Fatigue Stress Levels for the 1} Dogbone Specimen

Characteristic fatigue stress levels for the FACT programme were establishea on the basis of nominsl

target fatigue lives and pilot tests. This is illustrated in figure 1.6. The established fatigue stress
levels were as follows (reference 8):

TYPE OF FATIGUE LOADING NOMINAL UNCORRODED FATIGUE LIFE CHARACTERISTIC STRESS LEVEL
constant amplitude, R = 0.1 100,000 cycles Spax - 144 MPa
FALSTAFF 4,000 flights Smax = 289 MPa

10,000 flights S = 238 MPa

max
MINITWIST 10,000 flights Smf = 10)1 MPa
40,000 flights Spf * 89 MPa

There are two important points to note:

e all stresses are defined in terms of the total cross-section of the fatigue specimen -1 at the
location of the centreline between the fasteners, i.e. the fastener holes are included in the
cross-sectional area

e the pilet tests used representative specimens but did not take place under exactly the same
conditions as definitive tests. This is because the definitive tests included prestressing the
specimens at low temperature to crack the paint (if possible) around the fastener holes.
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Fig. 1.1 The recommended FACT supplemental programme specimen
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2. THE VOUGHT CONTRIBUTION TQ THE FACT PROGRAMME

K.E. Duval and A.E. Hohman, LTV Aerospace and Defence Company, Vought Missiles and Advanced Programues
Division, Dallas, Texas, USA.

Introduction

Experience has shown that metal fatigue is a major cause of structural failures in aircraft, Also it
has been known for a loeng time that f{atigue properties of structures can be greatly influenced by the
nature of the environment in which they are operating. In the past these effects were accounted for by
applying safety factors to designs based on data developed in nom-aggressive envivronments. However,
increasing emphasis on lower weight, higher performance and longer lasting aircraft makes it imperative
that future designs take more accurate account of the effects of adverse operatirg environments.

Because of the relatively short time available during the design and development of an aircraft, long
term c¢orreosion exposure to simulate the service euvirenment is not practical. Accelerated testing
procedures must be employed to provide the necessary data in a timely manner. To obtain corrosiun fatigue
data severe environments iaupiug [rom tutes amaersion to salt fog have been used. However, even with these
severe environments considerable testing time is required because of the slow rates of cycling that must
be used,

An even greater acceleration of corrosion effects is desirable. One possible way to achieve this is
to raise the temperature of the environment so that reaction rates increase. At present there is little
information on temperature effects in currosion fatigue. The primary objective of the VOUGHT contribution
to FACT wes to obtain a limited amcunt of elevated temperature corresion fastigue data as part of &
continuing investigation of corrosion fatigue iesting methods.

> o2

2.2 The Test Programme

An cverview of the test programme is given in table 2.1. This programme was preceded bv pilut tests
to check marker load characteristics predicted using the trrGRC computer program, which is a crack .rowth
analysis program developed at Rockwell International. Further information about the prediction of marker
load characteristics and EFFGRO is given in references (I, I).

Z2.2,1 Material, specimen configuration and protection system

The material was 6,35 mm thick 7075-T7651 aluminium alley plate. Average engineering properties were
as follows:

0.2 7 YIELD STRESS Lrs CONNUCTIVITY
484 MPa 536 MPa 157 37.4 7 T.C.ALS.
The specimens were of the single dogbone configuration shown in figure 2.!. The dogbunes were natched

by central holes with a K value ~ 2.7. Note that mill finish was retained on all surfaces, i.e. including
the central holes. The protection system was a standard U.S. Navy paint scheme:

e chromate conversion coating type Z class 2 (MIL-C~5541)

e inhibited epoxy polyamide primer (MIL-P=-23377

MIL-C-81773C
217-9-404

This system was applied to all surfaces except the central holes.

e aliphatic polyurethane topcoat.

2,2,2 Mechanical testing conditions

All stresses were defined in terms of loads on the central cross-section of the specimen and
including the central hole in the cross-sectional area. The characteristic fatigue stress levels (S )
tor the test programme have been given already in table 2.1. These levels were based on the resultS33f
pilot tests and the CFCTP core programme.

The fatigue load history is illustrated in figure 2.2. It consisted of blocks of 200 damage cycles
(K = 0.1) and 100 marker cycles (R = 0.5) with a constant Smax in order to avoid crack growth retardation,

The intention of this load history was to provide clearly visible marker bands which, however, should have

a minimal centribution to overall crack growth. All tests were carried out with a cycle frequency of
0.5 Hz.

2.2.3 Environmental conditions

The fatigue tests were done In laboratory air at a nominal temperature of 297 K and in 5 7 aqueous
NaCl salt spray acidified with H,SOA to pH 4. The tests in salt spray were done at several temperatures in

the range 297 ~ 339 K, see table 2.l. The salt spray cabinet met the requirements in reference (3) but
with the addition of a hot air inlet and baffles for mixing hot air with salt spray te produce elevated
temperature fog. The environmental temperature was monitored by a thermistor temperature control probe
located 25 um from the specimen test section. The specimen temperature was monitored by a thermucouple,
and it was found that the temperature could be maintained to within % 0.5 K.
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During testing at elevated temperatures the air pressure in the salt spray cabinet was increased to
try to compensate for evaporatioun. However, it was found that the solution collection rates specified in
ASTM standard B 117 ~ 73 (Standard Method of Salt Spray (Fog) Testing) could not be maintained at
temperatures above about 316 K. Furthermore the salt fog became only a slight mist at 325 K and was not
observed at 339 K.

2.3 Results
2.3.1 Fatigue life and fatigue crack initiation and propagation life data

Fatigue life and fatigue crack Initiatjon and propagation life data are compiled in table 2.2. The
fatigue crack initiation and propagation life data were obtained by correlating marker load bands on the
fracture surfaces with numbers of cycles and tracing the markers back to crack dimensions less than
G.3 mm.

The data for fatigue in salt spray at different temperatures are presented in figure 2.3. These dats
were analysed statistically accoiding to the procedure shown in figure 2.4. Owing to the limited number of
data and unequal sample sizes it had to be assumed that they at least approximated to random samples from
log-normaily distributed populations with equal variance. Unequal sawple sizes also meant that a modified
version of Duncan's new multiple range test had to be used for "fine tuning" the analysis of varlance
results. More details of the statistical methods are given in Appendix 1I.

Results of the statistical analysis are summarised in tables 2.3 and 2.4. According to the analysis
the temperature of the salt spray environment had no significant effect on the fatigue life and fatigue
crack initiation and propagation lives.

2.3.2 Fatigue crack growth rate data

The fatigue crack growth rate data are shown fn figure 2.5. Most of cthe data fall into two broad
bands which indicate that the aggressiveness of salt spray first increased and then decreased with
increasing cemperature, eventually becoming no more aggressive than room temperature air.

The data for tests in salt spray at 316 K appear to represent a transition in the aggressiveness of
salt spray. At high crack growth rates the environmental contribution to crack growth decreases with
respect to mechanically-induced crack growth., However, this effect had a negligible effect on crack
propagation life and total life.

2.4 Discussion

Owing to insufficient data for some test conditions and to data scatter the statistical analysis did
not indicate a signif:cant effect of salt spray temperature on the fatigue life and fatigue crack
initiation and propagation ilves. However, the data in figures 2.3 and 2.5 show the following trends:

(1) Increasing the salt spray temperature from 297 K to 316 K tended to decrease the fatigue crack
initiation and propagation lives and hence total life.

/2) Further increasing the salt spray temperature from 316 K to 339 K resulted in an increase irv
fatigue crack initiation and propagation lives and a decrease in fatipgue :rack growth rates to
values similar to those for fatigue in room temperature air,

In view of these trends and also the cobservations on collection rates and appearance of the salt
spray at elevated temperatures (section 2.2.3) it seems reasonable te conclude that acceleration uf salt
spray corrosion fatigue testing is possible by raising the temperature of the salt spray, but only as long
as the experimental set-up permits the production of a proper salt fog.

For the test set-up In this Lavestigation it appears that the critical temperature at which a proper
salt fog can still be maintained is 3i6 K. At this temperature the average fatigue life decreased by about
35 T compared to the rcom temperature [atigue life, mafnly because the crack inftiation life decreased.
This .epresents a considerable reduction in testing time which, however, must be weighed against the
increased complexity of salt spray fatigue testing at elevated remperatures and greater ditficulty in
cbtaining reproducible test conditions,

2.5 Conclusions
Although statistical analysis did not indicate a significant effect of salt sprav temperature on the
fatigue life and fatigue crack inftiation and prepagation lives of notched 7075-T651 plate specimens, the

following conclusions are drawn:

(i) Increasing the salt spray temperature from 297 K to 36 K tended to decrease the fatigue crack
initiation and prupagation lives and hence tuotal life.

(2) Further increas’ng the salt spray temperature resulted in an incresse in tatigue crack initiation
and propagation lives and a decrease in fatigue crack growth rates because a proper salt tog

could not be maintained above 316 K.

(3

Raising the salt spray temperature can result in a conslderable reduction in testing time. This
must be weighed against the experimentai problems of obtaining and matntaining o proper salt fog
at elevated temperatures.
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2.6 Recommendations for Further Investigation

2.7

L.

The effects of temperature on corrosion fatigue should be investigated for other materials and heat
treatment conditions and also for specimen configurations representing typical aircraft structural joints,
Other fatigue load histories should be considered, especially spectrum loading representing service usage
and preferably giving marker bands that allow tracing crack growth back to small flaw sfzes.
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TABLE 2.1: OVERVIEW OF THE VOUGHT TEST PROGRAMME FOR FACT
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MATERIAL

SPECIMEN

PROTECTION SYSTEM

FATIGUE LOADING

FATIGUE ENVIRONMENTS

TEST PROGRAMME

STATISTICAL ANALYSIS

SPECIAL CONSIDERATIONS

6.35 mm thick 7075-T7651 aluminium alloy plate

6.03mm DIAMETER UNPROTECTED OPEN HOLE

Chromate conversion + inhibited epoxy polyamide primer
+ aliphatic polyurethane topcoat (except central hole)

Blocks of constant amplitude damage cycles (Smin/smax - 0.1

and marker cycles (smin/smax =~ 0.5); cycle frequency 0.5 Hz

Laboratory air; 5 % aqueous NaCl salt spray with pH 4 at
various temperatures

ENVIRONMENTAL Smax (MPa)
SCHEDULES TEMPERATURE

('K) 152 148 144
Fatigue in air 237 [ ) [ ]

297 ®

31 L
Fatigue in salt
spray at various 316 ®
temperatures

325 ®

339 ®

Fatigue lives and fatigue crack initiation and propagaticn lives

Fractographic determination of fatigue crack growth data from
marker load bands
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TABLE 2.3: SUMMARY OF ANALYS1S OF VARIANCE RESULTS (95 7 CONFLDENCE)
SOURCE OF - N ron . SIGNIFICANT EFFECT UF TEMPERATURE
UARIATION FATIGUE LIFE PARAMLIERS F DISTRIBUTION VALUE F, (F, > F DISTRIBUTION VALLE)
@ MAIN EFFECT TOTAL LIFE o 53 2.573 no
tewperature ]
LIFE T0 A O 3 mam CRACK 9.12 1.210 no
{ .
LIFE FRON A 0.3 mm CRACK 1 9.12 2.058 o
TABLE 2.4: SUMMARY OF RESULTS USING DUNCAN'S NEW MULTIPLE RANGE TEST (95 7 CONFIDENCE)
L0G MFAN FATIGUE LIVES AND SAMPLE SIZES n
SALT SPRAY TEMPERATURE 97 K 31K J 316 K BRE S L
TOTAL LIFE 4 690 3 4565 3 W son 2 [P !
- L —
LIFE TO A 0.3 mm CRACK 4ano L2 4172 .2 PR EDRES vlie 1 | TICT IR
LIFE FROM A 6.3 mm CRACK o 3% 2 “233 2 w13 1 { WS I v had 2

COMPARISONS OF DATA FOR FATIGUE TEST
AT DIFFERENT TEMPERATU

L IN SALT SPRAY

DIFFERENCE BETWE
LG MEAN
FAT

E LIVES X

(e

A em ) s R
noen
; Yy

5 330 K/116 KX U s e
4 139 K/ R o 308 o
s 339 K/325 K PRIEE: e
2 339 K/297 K u 08y no
o) ST Rl ¥ Ly
- 3 [ 297 ¥ R ‘ ot
=121 RO ¥ . iy '
e - - _ .
3 325 KoA6 K " 1ug
? 325 ®/3LL K 0ol o
3 oKse GG I
5 290 B/ ¥ 0.111 o
“ |« 207 /310 Q321 na
3|3 277 K328 (3t no
e 2 [ 297 K109 hISER} o
1 —— s e —
“ | 119 KNG K LI RN o
3 319 K3 K (ST
2 n1ay o
T o
w 0 o
- LUV ey
P 439 K/316 K l [IRLN
PRI 139 K/ Kx o any o
N 139 K/297 Kr 0w
- 2 139 K/I25 K 0 Oay
I 125 R/316 k¥ i EORED ity
= )3 125 K731 K [T a
< u S #2901 K | IR ! n
3 e - - R
Z T -
& 3 PR YA ICI T o0 g na
" IRt ‘ [ 1w
“ — S S — —_——
=12 311 K/315 ). 002 [0 s | ne

B
Owlng to equal sample size these comparisons can also be made using the unmodified version of Duncan's test The same result s obtatned
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Fig. 2.1 Specimen configuration for the VOUGHT contribution to the FACT programme
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Fig. 2.2 Fatigue load history for the VOUGHT contribution to the FACT programme
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Fig. 2.3 VOUGHT salt spray fatigue life and fatigue crack initiation and propagation life data for
7075-T7651 single dogbone Bpecimens with unprotected open holes
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3. THE SAAB CONTRIBUTION TO THE FACT PROGRAMME
L.E. Jarfall, SAAB-SCANIA Aerospace Division, LinkSping, Sweden
3.1 Introduction

The Aerospace Division of SAAB-SCANIA participated in the FACT supplemental programme with the
assistance of the Structures Department of the Aeronautical Research Institute of Sweden FFA
(references 1, 2). The main objectives of the SAAB contribution to FACT were to develop fatigue testing
facilities for comparison of different corrosion protection systems and to compare results with those of
the CFCTP core programme.

3.2 The Test Programme

An overview of the test programme is given in table 3.1. There were two types of specimen. The
unnotched coupon specimens were used in an introductory study of the effects on fatigue life of outdoor
pre-exposure and/or environmental fatigue in chambers specially constructed by the FFA. The 1} dogbone
specimens were from the same batch as the CFCTP core programme specimens and provided a basis for
comparing the effects of environmental fatigue in the FFA chambers and the CFCTP salt spray cabinets.

3.2.1 Materials, specimen configurations and protection systems

The material for the unnotched coupon specimens was 3 mm thick clad sheet of aluminium alloy 70753-Té
from two batches (I and II). The specimen configuration is shown in figure 3.I. This has a parallel sided
gauge section 25 mm x 20 wm at the centre of the specimen. Half the specimens were left as machined. The
remainder were chromic acid anodised, without hot water sealing, according to SAAB-SCANIA specifications.

The 7075-T76 aluminium alloy 14§ dogbones were from the same batch as the CFCTP cere programme
specimens and with the same fastener hole size (press fit) and protection system, as discussed in detail
in reference (3) and Part Il of this report.

3.2.2 Mechanical testing conditions (static prestressing and fatigue)

All stresses were defined in terms of loads on the total cross-sections of the specimens in the gauge
sections, 1.e. including cladding layers (unnotched coupons) and fastener holes (1} dogbones).

Before environmental exposure and fatigue testing the 1} dogbone specimens were prestressed at
209 ¢ 10 K by apply:.gy "Wu lo-l “r~les up to 215 MPa. The procedure for this is discussed in reference
(3). The purpose of this low temperature prestressing was to ensure that the paint and primer layers were
brittle and would crack around the Hi-Lok fastener holes, thereby simulating service damage that enables
corrosion and corrosion fatigue to occur.

The fatigue testing of the 14 dogbone specimens was done using an FFA-designed 50 kN load frame with
MTS electrohydraulic equipment and load cell. Static calibration showed the load cell error to be within
+ 1 Z and ¢ S0 N. A strain gauged dummy coupon was used to check alignment. Bunding and axial strains were
determined at a tensile load of 5 kN. The in-plane bending strain was 2.3 7 of the axial strain and
therefore well within the 3 7 limit specified in reference (3).

The fatigue load history was constant amplitude sinusoidal loading with a stress ratio R = Smin/smax

of 0.1. The characteristic stress levels for the test programme have been indicated already in table 3.1i.
The stress level for the 1} dogbone specimens was chosen to be the same as the lower stress level for the
CFCTP core programme, i.e. Smax = 144 MPa, The tests were carried out at cycle frequencies of 1.4 Hz for

the unnotched coupons and 0.5 Hz for the l} dogbone spacimens.
3.2.3 Eovironmental conditions (pre-exposure, fatigue and corrosion fatigue)

Unnotched coupons scheduled for static exposure before fatigue testing (batch I) were placed on a
roof in a light industry area 5 km from the centre of Stockholm for 8 months (June 1977 to January 1978).
Thereafter they were wrapped and stored in a freezer until required for fatigue testing.

Half of the 1) dogbone specimens were pre-exposed by the U.S. Naval Air Development Centre NADC
before shipment to SAAB-SCANIA. The pre-exposure conditions were the same as in the CFCTP core programme,
i.e. sealing of faying surface side edges and Hi-Lok collars to prevent corrosion except in the fastener
head areas, followed by immersion for 72 hours in 5 7 aqueous NaCl acidified by a predetermined amount of
502 gas and maintained at 315 * 2 K.

Before fatigue testing all 1} dogbcne specimens were sealed at the faying surface side edges and
Hi-Lok collars. The fatigue tests on unnotched coupons and 1} dogbone specimens were done in specially
constructed environmental chambers capable of being stacked to enable tests in series in the load frame.
Drawings of the environmental chambers are shown in figure 3.2 and their .parameters during testing are
given in table 3.2.

Environmental influences on fatigue were studied by instituting alternating “wet" and "dry" phases.
The wet phases started every 12 mioutes and consisted of fatigue in humid air with condensation, and
fatigue during immersion in distilled water. These phases were terminated when a dew point hygrometer
sensed condensaticn on the surfac:s of the coupuns or specimens expused to humid air. Thus in one case the
wet phagse corresponded to & conilnuous increase in humidity until condensation occurred, while in the
other there was immediate and continuous wetting,

The dry phase was fatigue in low humidity air. In fact this was a drying phase, whereby it is
unlikely that a relatively complicated specimen like the 14 dogbone would dry out completely after
immersion in water.

TN
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The conditions for fatigue in wet and dry air were established in the following way. Both chambers
were open ended and filtered laboratory air was pumped tiurough. This alr was heated in the environmental
chambers with or without water injection:

e water injection resulted in wet phase testing with humid air that caused condensation on coupons
and specimens and maintained their temperatures

e straightforward heating resulted in low humidity air that provided a reference environment for
unnotched coupons, see table 3.2, and also dried and maintained the temperatures of coupons and
specimens during dry phase testing.

3.3 Results

The complete set of fatigue life and primary fatigue origin data for the SAAB contribution to FACT
is given in table 3.3. The way in which the test programme was set up and the results had consequences for
the statistical methods used to analyse the data. This will be discussed in section 3.3.1.

The fatigue life results are presented and statistically analysed in section 3.3.2., This is followed
by statistical analysis of the primary fatigue origin data in section 3.3.3.

3.3.1 Statistical methods for analysing the data

A survey of the statistical methods for analysing the SAAB data is given in figure 3.3. Owing to the
limited number and unequal sample sizes of the data it had to be assumed that they at least approximated
to random samples from log-normally distributed populations with equal variance. Unequal sample sizes also
meant that modified versions of the least significant difference test and Duncan's new multiple range test
had to be used for "fine tuning" the analysis of variance results. More details of the statistical
methods are given in Appendix II.

3.3.2 Fatigue 1life data

The SAAB fatigue life data are shown in figure 3.4. The 1} dogbone specimen data are compared with
CFCTP core pnrogramme data in figure 3.5. From t'ose figuivo the following trends are observed:

{1) Unnotched coupons:

~ wet**ng by rer~atel ~~nléncation or alternate immersion in distilled water reduced the fatigue
lives

-~ the fatigue lives of as machined and chromic acid anodised specimens were similar.
(2) 14 dogbones:

~ the SAAB fatigue testing in air with repeated condensation or alternating immersion in
distilled water was <> suvere as the CFCTP fatigue testing in salt spray.

The two trends for unnotched coupons were confirmed by two-way analysis of variance (table 3,4) and
"fine tuning' using the least significant difference test (table 3,5) and Duncan's new multiple trange test
(table 3.6).

The SAAB 1} dogbone data were analysed using one-way analysis of variance (table 3.4) and Duncan's
new multiple range test (table 3.7). The analysis showed that there were 1o significant differences in
fatigue lives, i.e. the four fatigue testing schedules were equivalent in severity. These data were also
compared with CFCTP data using one-way analysis of variance (table 3.4) and the least significant
difference test (table 3.8). This statistical comparison confirmed the forementioned trend, namely the
surprising result that fatigue testing in air with repeated condensation or alternate immersion 1in
distilled water was as severe as fatigue testing continuously in salt spray.

3.3.3 Primary fatigue origin data

The primary fatigue origin data for the SAAB 1} dogbone tests were analysed using Fisher's exact
test, table 3.9. Changing the environment (fatigue testing schedule) had no significant effects ou the
locations of primary fatigue origins.

3.4 Discussion

The results for both the unnotched coupons and 14 dogbone specimens showed that repeated condensation
or alternate immersion in distilled water reduced the fatigue lives. On the other hand, pre-exposure
either outdoors for 8 months (unnotched coupons) or for 72 hours in acidified aqueous NaCl (1} dogbones)
had no significant effect.

As mentioned in section 3,3.2, comparison of SAAB and CFCTP 1} dogbone [atigue life data gave the
surprising result that fatigue testing in air with repeated condensation or alternate immersion in
distilled water was as severe as fatigue testing continuously in salt spray. A contributing factor is the
likelihood that the "dry" phases during the SAAB tests may not have been sufficient to dry out the
specimens, especially for fatigue in air with alternating immersion.
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Albeit, this result is still remarkable: in fact it is positive. The SAAB fatigue testing schedules

are relevant to the flight~by-flight transpiration of aircraft structures, whereby alternate wetting by
condensation and drying take place (reference 4). The humid air with repeated condensation is difficult to
control in a laboratory test. Salt spray testing is also complicated and rather unpleasant to use in the
proximity of expensive laboratory equipment. However, the repeated immersion test is easy to control. The
similar effect on fatigue lives of all three environments means that the repeated immersion test Is an
attractive and convenient alternative for the more complicated testing procedures.

3.5

Conclusions

(1) Repeated condensation or alternate immersion in distilled water reduced the fatigue lives of
unnotched coupons and 1} dogbone specimens.

(2) Pre-exposure outdoors {unnotched coupons) or in acidified salt spray (1} dogbones) had no
significant effect on fatigue lives.

3

=

For each fatigue testing schedule (environment) the lives of unnotched coupons in the as machined
or chromic acid anodised conditions were similar.

(4) Comparison of the SAAB and CFCTP 14 dogbone fatigue life data showed that fatigue testing in air
with repeated condensation or alternate immersion in distilled water was as severe as fatigue
testing continuously in salt spray.

(5) Changing the environment (fatigue testing schedule) had no significant effects on the locations
of primary fatigue origins in the SAAB 1} dogbone specimens.
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TABLE 3.1: OVERVIEW OF THE SAAB TEST PROGRAMME FOR FACT
3 mm thick 7075-T6 clad
aluminium alloy sheet
300 MM
Imm
MATERIALS
AND .
SPECIMENS PRESS FIT Hi-Lok FASTENERS
3.2 mm thick 7075-T76 aluminium
alloy sheet
(CFCTP core programme specimens)
3.2mm
7075-T6 (batches I and Il): none and chromic acid anodising
PRUTECTION SYSTEMS .
7075-T76: chromate conversion + inhibited epoxy polyamide primer
(except fastener holes) + aliphatic polyurethane topcoat
PROTECTION SYSTIM e 7075-T76: two stress cycles at low temperature to crack paint and
DAMAGE primer around the fastener heads
1
FATIGUE LOADING e Constant amplitude, S . /S - 0.1
min’ “max
FATIGUE ENVIRONMENTS e Low humidity air; air with repeated condensation: alternating impersion
in distilled water
7075-T6 clad (batch 1): 8 monthz outdoors near Stockholm
STATIC PRE-CXPOSULE o (light industry area)
7075-T76: 72 hours in 5 % aqueous NaCl + S(‘7 at 313 K
UNNOTCHED COUPCNS 1% DOGBONES
S, ™ 150 MPa Spax = L4é MPa
SCHEDULES o
CYCLE FREQUENCY 1.4 Hz|CYCLE FREQUENCY
0.5 Kz
7075-T6 7075-Té6
(BATCH i1)| (BATCH I)
1 fatigue in low humidity air [ )
‘ pre-exposure + fatigue in low [ ]
humidicy air
fatigue in air with repeated ® .
TEST PROGRAMME - condensation
‘ pre-exposure + fatigue in air o [ ]
1 with repeated condensation
fatigue with alternating . .
immersion in distilled water
pre-exposure + fatigue with
alternating immersion in ® L
distilled water
STATISTICAL ANALYSIS e Fatigue lives and primary fatigue origins




-

§7

A1 ¥ £0€ A1 F g0t XS0 F 66C XS0 F 662 sanieaadwal uswidads e A3yprumy
% 0f S % 0¢ S % 0y — 61 T 0 - S1 uawioads 1eau £3TpIwny satielax moT o3 aansodxa
s/18 061 s/1w 061 s/1u 001 s/1¢ 001 noT3atE Aq Buikip e
§ 0LS $ 0LS $ 04§ s 0.6 uolaeinp Lukapy
] - - - - uawyoads aeau ainjexadwel 1te WKIp, B . JONINTINI
11¢ 70€ A 60€ - SO¢€ % gog — 20€ A 608 — 20¢ ! Pa PUB ,23A IVINTWNOUTANT
A1 3 €0t AT F ¢0€ A 60 F 66L A 603 66C sanjeiadwsy uawioads
AT F €08 460 F 662 ainieiadwal 1alem 193em PaT(1ISIp @
s/1¢ £90°0 s/10 500°0 aojeIrodeas uy wesaIls I1te UT uollIdafuyl JX9lem | UOTIESUSPUOD YITm
s/1w 051 s/1a 0§1 s/1u 001 s/1u 001 mo1yate aje pyumy e
S 0ST -~ s 061 - s 0ST ~ $ 061 ~ uotieInp L
NOLSYIWWI NOILYSNAQ "0D NOISYIWHI NOILVSNIGNOC
ONILVNA3LTY QqALVISIY ONILIVNEELTY GaLvadad
AEC0F 66T sanje1adwal uawidads
% 0¢ - 01 uawisads aeau L3ITpTumy eATIP[a1 X
3 11¢ - 00€ uawyoads ieau ainjeiadwasy 1te 11E Aatpremy mog 30N3Y3ITY
s/1u 001 sol3aye

SNAWIDIAS ANOEONT 1 SNOdNOD QIHOLONRN SYALAWVIVA INIRNOYIANT 1sal
NAWID3dS 30 F4AL
10V4 01 NOTLASTHINOD €VVS IHI ¥OJ SYALAWNVEVA ¥ICWVHD TVINIWNONIANT '€ T4V
Mguapraiivpamiiny - -




r

w»(._m u.—(!

N ] N
//// /ﬂ A suawyoads
AN auoqdop 41
AN NN __ x/r ur suigiio
J u H7S S, 8 ’ S
O, \ —’ u\ an813e7 jO
d d ;
vCO_u«wuod.
o
N WoN m v, o3 Ad
NIWID3dS w:o_::_
008 £9_ Q0510 00g” L9
¥ c:c.ﬁcﬁ 4 :c:”h.ﬂ s k . us31s4s uo1ide30ad AaeN, xeu auoqdop 51
3 000" %t d 00y sq 4 oog'oy g 009716 $°A Yitm 971-001 E4W w9l - [ aumeifoad
3 00L'¢€e 400896 4 008'Z¢ 1 000°¢11 ' ’ ’ 2102 J124D
4 006°16 S 006'CY 0 000102 4 000'ts1
000°56¢ 000'96¢ 000°61Y
. ) oo:,ﬁ\n pasTpous
000" 20t 000 80t 000" 71y p1oe
000°861 000'9¢€ 000189 04Eo4
. . . TwoIyd
000" 6¢¢ 000" 6%¢ 000° 10t
: N0 000'80Y
000" %762 000862 80 (1 yp1%q)
000" 0%z 000 692 000 6L§ PET® 91°¢/01
000" 68¢
000' €92 000°1Z€ 000'8L€ pautyowm
000'S€T 000°29¢ 000 99¢ se
000'81¢ 000 661 000°6Zy
000°£9T 000 LLe 000" 0Ove xew wodnos
BIH 0ST = § N
000'19¢ £00°597 000615 pyo3ouy
000 ' 7s2 000" L%¢ pasipour
000592 000" €LE proe
000° €62 000" 6%¢ JTwoayds
. 000"
000°6¢C 00°95% (11 y»72q)
000' €2 000" €5 000' 697 PEIS 91-6£0L
000" 161 000" %8¢ 000 %5y N
000857 000°86¢ 000°9¢# podtiom
000°617 000°L1¢ 000°98%
000° 962 000" €8¢ 000°506
As3en payriasip 2, 3 Uo11ESU3PUOD
uy uoTSIAUWY 19ann palTTIsIp 11 n. ucilesuspucsH ave Latprumy
2 Uy uorsiswmy poieadalr yils . ate A31pramy
urieuIalle Furreutsae| 17e ur endrae; poueadax yats| mol ur andije} nol uy ondiae SWILSAS o
yatm endrie; _ 1 : 1 ﬁ ut nBeI) e uy endyaes| + sansodxa-aid 1 uy M3 01103104 NOLSONH0D 130T, SSAULS NIWID3dS
+ sansodxa-s1d 31 endravg| + a2 - ANV STVINILVH O1LSTHILOVYIVHD 30 3dAL
x ANOILVA 40 SNIDINO AUVWINd 40 SNOILYOOT/(SINIVA NYIW H0T ANV SITOAD) FYNTIVA OL F41T 3INOILV4
LOVA OL NCTLMTHINOD gVVS HdHL 304 VIV NIDTYO FNOTIVE AAVIKINA ANV J417T InNOTLvE € § AT9VL

o

At b @ =t S e oty ar c— -



TABLE J.4: SUMMARY OF ANALYSIS OFY VARIANCE RESULTS (9> % CONFIDENCE)
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TiPE OF SPECINEN CHARACTERESTS i B tAT: R ' !
| FOAPIATION TIUTRIE DD N At LATA LAFIABLES
AND 3OURCE U STRESS LEVMI ¢ ' e ' . :y‘.' o 7..” N
I ! o °
natehed cugon - -1 Mia
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TABLE 3.5: LEAST SICGNIFICANT DIFFERENCE TEST RESULIS (95 T CONFIDENCE) FOR THE EFFECT OF
FATLGUE LIFE OQF UNNOTCHED COUPORS

Na b LATA KR M

farsgne 1n low .ot

farigue in low avi et "
fattgue tn low pre exposire + tazigue o T
fatigue in low fartgue with aitaroatiog fmmeiion an dis .
fatigue in low humsdity airipre expasure o fuvigoe with 4itetratin T
pre-exposure ¢ In low humidity ait farigue 10y, .
pre-expos. . in inv bumidite alf. e -exgosure .o

pre-exposure o fatigie in low hustaiey air.fatigue virh o
pre-exposure ¢ fatizue in low husldity a17:pre-expou

fatigue ir atr with repeaied condensatlon pre expuc
fatigue in air vith repeated condensatinnsfatipue vi
fatlgue in air with tepeated candensation, pre expon
pre-exposure ¢+ fatigie In atr with repeated conder
pre-exposure ¢ fatigue in air with repsated cundens
Eatigue with alrernating lamersion in dlstilled warer pre v

T
“wing to equal sample size these comparisnns can aisa be mede osing the nimodif s
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TABLE 3.6: SUMMARY OF DUNCAN'S NEW MULTLPLE RANGE TEST RESULTS (95 % CONFIDENCE) FOR UNNOTCHED COUPONS

. tth re-exposure + fatigue in air | fati ith alternatin, pre-exposure + fatigue vith
pre-exposure » fartgue in low | fatigue in air w P ¥ 8 fatigue with alternating >
FATIGUE TESTING SCHEDULE fatigue in lov huaidity atr humtdicy air 8 repeated condensatlon with repeated condensation temersion in distilled wacer ::::I‘l‘;‘z"é :-"“‘”‘ in
: ed vater
. chromic acid ' chromtc acid ined chromic acid " chromic scid chroaic acid chromic acid
CORROSION PROTECTION SYSTEM | as machined | S 000 < as machineg , ShlC as aachine anodsed as machined anadised 43 machined | odised o5 machined anodised
LOG MEAN FATICUE LIFE 5 672 5.578 5 578 5.622 5.523 5 L24 5.430 5 an 5 374 5 417 s 380 5 406
SAMPLE S1ZE n 3 4 5 ) 4 4 4 “ o “ B 4
DIFFERENCE !
BH“-‘EF‘ - SIGNIFICANT DIFFERENCE
COMPARISONS OF DATA FOR TEST PARAMETER TEST PARAXETER v LOG MEAN SSR i \/ﬁ,v N
FATLGUE In,a i X % —d . sgp
LIVES X \/—‘—J— t ) S|
a e b
:
as machined ? 0.198 o 220 no
facigue in low humidicy air/pre-exposure + Fatigue in low humidity air — -— - — —]
chromic acid anodised | 2 l o %) 0 w J
) R
, as machined ves
fatigue in low humldity air/futigue in air with repeated condensation _— - - o
chiomic acid an [ ves
[ _+———— P
. a5 machined W s
tatigue in low humidiry air/pre-exposure + tatigue in air with repeated condensation -f — = -
chromic acid anadised ¢ 0 g 214 N o
_— b U
a8 marhined [ i noGuh LI 4
. \
fatigue ln low humidity alr/fatigue with alternating immersion in distilled water - —_— - - —
chromie acid I

wdiact 1oL ERREN RN

as machined

+
fatigue in low humiditv air/pre-exposure + tatigue with alternating immersion :n distiiled water

pre-exposure o fatigue in low humidity air/fatigue in air

o epeated con

Chromic acid aredised e

pre-exposure + fatigue in low humidity air/pre-exposure + tatigue in air with repeated condensation

omie acid adised |3 |

e,

Poas machined b}

pre-exposure + fatigue .n low humidity air/fatigue with alternating immersion in distilled water

I chromivc ac

1 anodisve

As wachined

pre-exposure + fatigue in low humidity air/pre-exposure + fatigue with alternating immersinn in

Pochrorie arid anedised

s machined o

fatigue 1n air with repeated condensar:

\/pre-expasurs ¢ fatigue in air w

4 anodised |
l

futigue in air

fatigue in air

pre-cxposure +

pre.exposure ¢

b d - .

R 3
fatigue with alternating immersion in distilled water/pre-exposure + fatipgue with alteroating immersion in distilled water ‘L,

SCTRN T R R N [ P =0

<rsing to equal sample size these comparisons can also be made using the unmodified version of Duncan’s test  The same resuls 1 ohiined

SIUNIEICANT DIFFERFNGCE

COMPARIL NG UF UATA PER TEST PARAMETER DFRRERENTE > SSR

TEST PARAMETEF

| —-

fatigue in low humidity ar ”
pre-exposure o fatigoe it iow humidizy air ne
fattgue in alr vith repeated condensation e
an mact detramie acid anodised — . — - - —— e ————— - -
pre-exposure + fatlgue in air with repeated condensation no
fatigue with alternating {mmersion {n disti{lled water e
pre-exposure + fatigue with alternating immersion in distilicd wate no




6l
TABLE 3.7: SUMMARY OF DUNCAN'S NEW MULTIPLE RANGE TEST RESULTS (95 % CONFLDENCE) Ik SAAk 14 DUGBUNES
fat pre-expasure o fatigue it |tutlgue with alternating | pie-exposure » fatigue vith
FATIGUE TESTING SCHEDULE atigue Lo alr wich air with repeated mrersion tn distilled lternating immersion in
tepeated condensation condensation vater led water
LOG MEAN FATICUE LIFE 4 98 PR « 829 ! w 8ut
SAMPLE SIZE n B 3 B l “
T
DIFFERENCE |
BETWEEN Lin:
S OF DATA FROM DIFFERENT FATIGUE TESTING SCHEBULE p |uEAN ;
FATIGUE  [Tn
LIVES X ¢f
Y
bl
fatigue in air with repeated condensacton, pre-exposure + fatigue In air with repeated condensatlon| 3 0 295
fatigue in afr with repeated condensation/fatigue with alternating immersfon in distilled vaters | 2 0.318 LI no
£acigue in aft with repeated condensation/pre exposute + fatigue with alternaring immersion in . 5 366 o 80o o
/distilled vaters
pre-exposure + fatigue in air with repeated condensation/fatigue with alternating imaersion in ) 0 002 o ey o
/distilled water
pre-exposure + fatigue in air with repeated condemsation/pre-exposure + fatigue with alternating | , o a1 0 ey o
simmersion in distilled vater
fatigue with alternating Immersion in distilled watet/pre-exposure + fatigue with alternating s o aos o 788 o
/lsmersion in distilled water*

"owing to equal sample size these comparisons can also be made using the unmodified version of Duncan’s test. The same result is obtalned

TABLE 3.8: LEAST SIGNIFICANT DIFFERENCE TEST RESULTS (95 %7 CONFIDENCE) FOR THE EFFECT OF ENVIRONMENT ON
FATIGUE LIFE OF SAAB AND CFCTP 1} DOGBONES

cFeT? SAAB
—
3 pre.exposure +
e st et 0 oo+ et o e freone -t e ERE
RS fatigue in air |PT®-eXxposure atigue in fatigue Ln vith repeated & 4 alternating
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salt spray condensation fmmersion (n
. condensation  |distilled water
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L MEAN FATIGUE 5.125 5 072 4« 962 “.819 4988 4828 « 829 PRI
SAMPLE SIZE n 33 28 36 35 a 3 @ Bl
- - 0
to.025,041 7 198 MSpesiguay < 000

SLNLEICANT

COMPARISONS OF DATA FROM DIFFERENT FATICUE TESTING SCHEDULES T DIFFERENCE

ivoa g )
2025 161
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ALL DIMENSIONS IN mm '

(1) MILL FINISH RETAINED ON SIDE SURFACES

{2} TOLERANCE INDICATIONS NOT INCLUDED.

Tig. 3.1 Unnotched specimen configuration for the SAAB programme
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CFCTP CORE PROGRAMME
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Fig. 3.4 SAAB fatigue life dsta contribution to ihe FACT programme
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Pig. 3.5 Comparison of SAAB FACT contribuytion and CFCTP core programme data. The CFCTP core programme data
are for all epecimens except those redrilled to press fit dimensions and those with corroded
fracture surfaces af{ter pre-exposure + fatigue in air, see tables 2 and 9 in Part II of this report
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4. THE NADC CONTRIBUTION TO THE FACT PROGRAMME

J.J. De Luccia, Naval Air Development Centre NADC, Aeronautical Materials Laboratory, Warminster,
Pennsylvania, USA

4,1 lontroduction

The NADC contribution to FACT examined the effect of fastener fit (interference versus press fit) and
the use of a flexible, elastomeric primer instead of the standard non-flexible primer selected for the
CFCTP core programme. The advantage of using flexible paint systems to improve the corrosion protecction of
aircraft has been known for many years. However, there appear to be no data comparing flexible and non-
flexible paint systems with respect to fatigue 1nd corrosion fatigue of aircraft structural joints,

4.2 The Test Programme

An overview of the test programme is given in table 4.1. All specimens were 1} dogbones from the same
material as the CFCTP core programme specimens but drilled to interference fit dimensions, as discussed in
detail in reference (1). Cadmium plated steel Hi-Lok fasteners were used. The diameter of the holes for
the fasteners was 6.248 * 0.0127 wm, see figure 1.l of the introduction to this part of the report.

4,2.1 Protection systems and specimen assembly

Half the specimens had the same U.S. Navy paint scheme as in the CFCTP core programme, see reference
(1) and Part 11 of this report. The remaining specimens were painted and assembled in the same way except
that a flexible, elastomeric primer "Koroflex" was used instead of the standard primer. Koroflex is a
strontium chromate inhibited polyurethane primer that retains flexibility even at low temperatures
(209 X).

4,2.2 Mechanical testing conditions (static prestressing and fatigue)

All stresses were defined in terms of loads on the total cross-section of the fatigue specimen
dogbone at the location of the centreline between the fasteners, i.e. the fastener holes were included ir
the cross-sectional area. Before environmental exposure and fatigue testing the specimens were prestressed
at 209 * 10 K by applying two load cycles up to a stress of 215 MPa. The [ ~.c.ure for this is discussed
in reference (l). The purpose of this low temperature prestressing was to ensure that intact non-flexible
paint and primer layers would crack around the Hi-Lok [asteners holes, thereby simulating service damage
that enables corrosion and corrosion ratigue to occur.

The fatigue load history was constant amplitude sinusoidal loading with a stress rvatio R = Sminlsmax

of 0.1 and a maximum stress of 210 MPa., Detailed procedures for fatigue testing are given in reference

().
4.2.3 Eovironmental conditions (pre-exposure, fatigue and corrosion fatigue)

Specimens scheduled for static exposure to an aggressive environment before fatigue testing were
sealed at the faying surface side edges and Hi-Lok collars to prevent corrosion except in the fastener
head areas. The procedure for static pre-exposure is described in detail in reference (l). The specimens
were immersed for 72 hours in 5 7 aqueous NaCl acidified by a predetermined amount of S0, gas and
maintained at 315 ¢ 2 K. The specimen cleaning procedure after pre-exposure followed the amendment in
section 4.4 of Part 2 of reference (1).

For fatigue testing all specimens were electrically insulated from the loading grips and bolts by
polymeric liners and bushings. Specimens to be fatigued in salt spray were also sealed at the faying
surface side edges and Hi-Lok collars. The fatigue environments were laboratory air and 5 T aqueous NaCl
salt spray acidified with HZSOA to pH 4, both at a nominal temperature of 295 K. The salt spray tests were

done in a specially constructed cabinet, fully described in reference (1). The cyclic loading frequencies
were as follows:

e fatigue in air, 2 Hz
e fatigue in salt spray, 0.5 Hz.
4.3 Results

The complete set of fatigue life and primary fatigue origin data for the NADC contribution to FACT is
given {in table 4.2. The way in which the test programme was set up had consequences for the statistical
methods used to analyse the data. This will be dfscussed in section 4.3.1.

The fatigue life results are presented and statistically analysed in section 4.3.2. This is followed
by presentation and statistical analysis of the primary fatigue origin data in section 4.3.3,

4.3.1 Statistical methods for analysing the data

A survey of the statistical methods for analysing the NADC data is given in figure 4.1. Owing to the
limited pumber of data it had to be assumed that they at least approximated to random samples from log-
aormally distributed populations. Also, comparison of the data with CFCTP core programme data meant that
equal variances had to be assumed and that for some "fine tuning” of analysis of variance results modified
versions of the least significant difference test and Duncan's new wmultiple range test had to be used.
More details of the statistical methods are given in Appendix II.
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4.3.2 Fatigue life data
The fatigue life datas are shown in figure 4.2. The data indicate the following trends:

(1) Fur specimens with interference tit Hi-Loks the use of Koroflex instead of a standard U.35. Navy
primer appears to have been beneficial in all three environments.

(2) The use of interference fit Hi-Loks instead of press fit Hi-Loks did not improve fatigue life,
(Interference fit fasteners are usually considered to have a beneficial effect on fatigue life.)

(3) The salt spray environment was particularly detrimental to fatigue life.

As will be discussed, statistical analysis confirmed trend (2) aund showed trends (1) and (3) to be
partly true.

The Box test was used to check for homogeneity of variances of the NADC data, see tabie 4.3, The
variances were not all equal. However, analysis of variance is a very robust statistical technique, such
that approximate compliance with the criterion of homogeneity of variances is sufficient for continuing
the statistical treatment of the fatigue life data,

Analysis of variance was carried out separately for the complete set of NADC data and a combiration
ot NADC and CFCTP core programme data for specimens using the standard U.S. Navy primer. The results are
summarised in table 4.4, The main effects of enviromnment, primer and fastener fit were found to be
significant. Slince therc were only *wo types of primer and fastenmer fit, it is obvious that the
‘ significant differences were between the standard and Koroflex primers and the press and interference

fit Hi-Loks. Thus it was not necessary to "fine tune" these results using the least significant difference
test. However, this test was used to investigate the effect of environment (fatigue testing schedule).
The results are given in table 4.5. Significant differences in fatigue lives were found mainly as a
consequence of fatigue in salt spray.

N

According to the analysis of variance the other potential sources of variation (environment : primer
and enviropment : fasteper fit interactions) were not significant. These were further investigited using
Duncan’s new multiple range test. The results are listed in tables 4.6 and 4.7, and show the following:

e for specimens with interference fit Hi-Loks the use of Koroflex instead of the standard primer was
significantly beneficial only for pre-exposure + fatigue in salt spray

use of interference fit Hi-Loks instead of press fit Hi-Loks was either detrimental or had «o
significant effect on fatigue life

the salt spray environment was particularly detrimental to fatigue life for specimens using the
standard primer but not for specimens using Koroflex.

4.3.3 Primary fatigue origin data

The x? test of independence, Yates' corrected x? test and Fisher's exact test were used to analyse
the primary fatigue origin data for the NADC contribution to FACT and the relevant CFCTP core progratme
1 specimens. The results are given in table 4.8. Neither environment (fatigue testing schedule), type of
primer nor fastener fit had significant effects on the locations of fatigue origins for the test
conditions selected.

4.4 Discussion

The present test results show that use of the flexible, elastomeric primer "Koroflex" was signifi-
cantly beneficial to the fatigue life of 1} dogbone specimens assembled with interference fit Hi-Loks and
fatigued in salt spray. Overall the use of Koraflex appears tuv have been beneficial as compared to the use
of a standard, non-flexible U.S. Navy primer.

Use of interference fit Hi-Loks instead of press fit Hi-Loks did not improve fatigyue life. The reason
9 {s that under load the 1} dogbone specimen exhibits secondary bending that increases when the clearance
between fasteners and holes 1is reduced, see references (2, 3) and Appendix 1. This characteristic
behaviour tends to wnullify the usually beneficial effect on fatigue life of using interference fit
fasteners.

Changing from fatigue in air, with or without pre-exposure, to pre-exposure + fatigue in sait spray
resulted in significantly shorter fatigue lives for specimens using the standard primer, irrespective of
‘ fastener fit. The use of Koroflex resulted in the detrimental effect of salt spra’ becoming statistically
insignificant.

4.5 Conclusions

| (1) Use of the flexible, elastomeric primer "Koroflex" finstead of a standard, non-flexible U.S. Navy
1 primer was benefictal to fatigue life, notably in a salt spray eavironment

(2) Use of interference fit Hi-Loks Instead of press fit Hi-Loks did not improve the fatigue life of
1} dogbone specimens.

(3) Changing from fatigue in air, with or without pre-exposure, to pre-exposure + fatigue in salt
spray resulted in significantly shorter fatigue lives for specimens using the standard U'.S. Navy
primer. However, the use of Koroflex resulted in statistically equivalent fatigue lives.

(4

Neither environment (fatigue testing schedule), type of primer nor fastemer fit had significant
effects on the locations of primary origins of fatigue.
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TABLE 4.1: OVERVIEW OF THE NADC TEST PROGRAMME FOR FACT

MATERIAL

SPECIMEN

PROTECTION SYSTEMS

PROTECTION SYSTEM
DAMAGE

FATIGUE LOADING

FATIGUE ENVIRONMENTS

STATIC PRE-EXPOSURE

TEST PROGRAMME

STATISTICAL ANALYSI1S

3.2 mm thick 7075-T76 aluminium alloy sheet (CFCTP core programme
material)

INTERFERENCE FIT Hi-Lok FASTENERS

3.2mm

Chromate conversion + inhibited epoxy polyamide primer (except fastener

holes) + aliphatic polyurethane topcoat;

Chromate conversion + Koroflex elastomeric inhibited polyurethane
primer + aliphatic polyurethane topcoat

Two stress cycles at low temperature to crack non-flexible paint
and primer around the fastener heads

Constant amplitude, S . /S - 0.1, § = 210 MPa
min’ “max max

Laboratory air; 5 % aqueous NaCl salt spray with pH &

72 hours in 5 % aqueous NaCl + SO2 at 315 K

oo | rorortex
fatigue in air [ ] [ )
pre-exposure + fatigue in air [ ] [ ]
pre-exposure + fatigue in salt spray [ ] [ ]

fatigue lives and primary fatigue origins




71

3LV 4IVH
N M X XM N ////
NN
// ﬂ >,///ﬂ//// //ﬁ/\/ W//////
HOt N iNN YOHN AN SNISIHO 3N0iiVd 40
4 /s S8 EVE] .
Z 53 c\\ g D \ SNOILY30T 0L A%
\\c d \m (]
3 o b \
v’ 8 N7 W (NN 8,v
N3IWID34S INOILY S
8%’ M1 L6 £20°12
q 156761 D fel'ae b %'t o -
. . FIIXI1A)
3 8ol'wl [CBVAY AT 3 wvoz Axmﬁo%x
43 06%' 6L a rret 13 v08'0C
1 991 236 1 601'02 xew T0-1
; - - BdW 012 = S | epnaitdue jueisuos
0669 ¢yl 89t
4 e8¢ ERNAYART b eel’6l ( o
. . F19IXTd - NON
a el ERER TN ANA d /sl VN 'S'n oﬁ<o”@km
¥ nil'e EOI gAY 1 9z€’st
4 960'9 o 8il's ¥ €8s
Aeads a1eps uy 11e uy 11 up end1aE
anS11®3 + eansodxa-sad | andliey + asnsodxa-aad - : 13e3 19037 SSTULS -

«m:o~&<m A0 SNIDIYO A¥VWIYd 40 SNOILVIOT

CNY

(SENTYA NVIW D07 ANV STTOAD) IUNTIV OL A41T 30011vd

ddAL YIWTHd

OILSTHALOVIVHO

avoT INOILVd

LOVd O NOILAGTYLNOD DUVN THL ¥0d VIVA NIDTHO NDTLVA

RUVIRTHA NV ZATT 3N0TLVE

4

AR AU CAR




Py e

s
-

_

oy

v edm

g et et . i =

72
TABLE 4.3: BOX TEST FOR HOMOGENELITY OF VARIANCES OF NADC CONTRIBUTION TO FACT (95 % CONFIDENCE)
:g:;‘;gg SAMPLE SAMPLE SI1ZE 5UM OF SQUARES ?,;Z:;g: oF
SCHEDULE NUMBER n 5§ - E(xi-x)‘ won -1

FOR a = 5 % AND 1 AND 109 DEGREES OF FREEDOM F = Y 94

SINCE 1.871 < 3.94 THE POPULATION VARIAX

S ARE EQUAL

1 STANDARD 4 0.084 3 0313 0.028 YY) -4
2 KOKOFLEX 4 0 002 3 0333 o 601 sl -y 60
ka2
sux - - - 0 666 - - BT )
POOLED - 0 086 6 0167 0,014 BN | -1 e
fatigue in alr DIFFERENCE - - - By = 0.499 - - T‘ n, -3 26y
kel .
K~ 2.3026 D, = 7.506 -0 146 k- let vy A e
Do k- 120 37 Fo-
1= vy o
FOR @ = 5 % AND | AND 109 DEGREES OF FREEDOM F = 3 9u. SINCE £ 747 > 3 94 THE
T
1 STANDARD “ 0 0% ) 113 BRI i S
2 KOROFLEX & 0118 3 Ho3sd ENER) \ = BN
k=2 '
suM - i - - o hoh - - S
POOLED - 1 0172 6 o6t o EE N B
DIFFERENCE - i - B D, = s . oo
pre-exposuce + ;
fatigue in air S
. i
K ~ 2.3026 D, = 0.421 L~ -0 168 vy ko= -
2 Hk-1) o1 1 ! h
¥
T T S - “ -— .- 361 1 AND 10 EoREES oF BERED
T+ (2/ 3 ¥ 127 461 Fo 57 N, 360 wlTt el by DECREES ob BEEE
FOR g =~ 3 % AND ! AND 109 DE S OF FREEDOM F = 3 94 SINCE 0 340 < 3 9u THE PoPULATION VARTAM ARE
1 STANDARD 4 a 043 3 0333 nont S 1 e - o
2 KOROFLEX 4 0,007 3 o 333 o0l S BN YN
k-2
T - -- A
UM - - B bkt .
POOLED - l 0050 6 Q147 .
pre-exposure + D1FFERFNCE - _ P, o= 0490 - TN
fatigie in L | L s
salt spray o,
K - 23026 D, = 2 158 LR ek -
3
L v e 72os SR L Foo= goot = 181 WITH 1 A% 1oy DEREES OF FREERM
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5. THE AFWAL CONTRIBUTION TO THE FACT PROCRAMME

N.R. Ontko, Air Force Wright Aeronautical Laboratories AFWAL, Matertals Integrity Branch, Systems
Support Divisfon, Dayton, Ohio, USA

S.1 Introduction

The AFWAL contribution to FACT councentrated on the effects of wusing anot'-: fastener <syntem
(SLEEVboit) to replace the Hi-Lok system chosen for the CFCTP core programme, The SLEEVbolt fastener
system is of particular interest because it can be used to repair a structure. The system incorporates a
tapered pin in an internally tapered/externally straight shanked sleeve.

In addition the effects of installing press fit Hi-loks with or without polysulphide sealunt in the
fastener holes were investigated.

5.2 The Test Programme

An overview of the test programme is given in table 5.1. All specimens were 13 duptines from the same
batch as the CFCTP core programme specimens and with the same U.S. Navy paint scheme, as discussed in
detail in reterence (1} and Part Il of this report. However, sovme of these specimens were altered by
removing the press fit Hi-Loks and either reinstalling them with sealant or replacing them by SLEEVbolts.

5.2.1 Fastener systems

The specimens were supplied to the AFWAL cuntaining press-fit Hi-lLoks dry installed in chromate
conversion coated fastener holes. For some of these specimens the Hi-Loks were removed and either re-
installed "wet", i.e. coated with sealant, or rveplaced by SLEEVbolts. Figure 5.1 i{llustrates the
installation of both types of fastener systewm: installation details are given in references (1 - 4).

The sealant used in reassembling specimens with Hi-Loks was a pelysulphide with added chromates for
corrnsion inhibition and coniorming to MIL-S-81733 B. Most of the sealant was squeezed out during Hi-lLok
installation but some remained around the fastener head to seal off the ccuntersink area.

CLiey mm

To reassemble specimens with SLEEVbolts the fasteper holes were redrilled from €.3ub mm to
nowinal diameter. The hcles were left in the as-machined condition. The SLEEVbolt combination selected for
installation was an aluminium coated steel bolt with ap aluminium sleeve., The tasteners were pressed intao
place before installation of the Hi-Lok collars. Instaliation resulted in a typical interference of

0.064 wm.
5.2.2 Mechanical testing conditions (static prestressing and fatigue)

All stresses were definmed in terms of loads on the total cross-section of the fatigue specimen
dogbone at the location of the centreline between the fasteners, f.e. the fastener houles were included in
the cross-sectional area. This meant that the net section stresses for the specimens with SiEEVbolts were
approximately & 7 higher than those for the specimens containing Hi-loks.

Before environmental exposure and fatigne testing the specimens with Hi-Loks were prestressed at
209 * 10 K by applyving two load cycles up to either the maximum stress ocourring {n the subsequent fatiaue
test or 2i5 MPa, whichever was the greater. The procedure for this is discussed in reference (i1, The
purpose of this low temperature prestressipg was to ensure that Janv intact paint, primer and sealant
layers were brittle and would crack around the Hi-lok fastener holes, thereby simulating service damage
that enables corrosion and corrosion fatigue to occur.

The specimens containing SLEEVbolts were not prestressed at low lemperature. This was considered
unnecessary because the specimens had not been repainted after reassemblv.

The characteristic fatigue stress levels for the test programme have been indicated already in table
5.1. These stress levels were obtained from the pilot tests described in section 1.4 of this part of the
report. The fatigue load histories were constant amplitude <sinusoidal loading with 4 stress ratic R =

Smin/smax of 0.1 and the manoeuvre spectrum FALSTAFF (references 5, 6). A short description .f this

spectrum is given in section 1.3 of this part of the report.
5.2.3 Environmental conditions (pre-exposure, fatigue and corrusion fatixue)

Specimens s:cheduled for static exposure to an apggressive envircnment before [dtigue testing were
sealed at the faying surface side edges and Hi-Luk collars to prevent corrosicn except in the fastener
head areas. The procedure for static pre-exposure is described in detail in reterence (1), The specimens
were lmmersed for 72 hours n 5 7 aqueous NaCl acidified by a predetermined amount ot SU, vas and

maintained atr 315 ¢ 2 K. The cleaning procedure after pre-expusure followed the unamended pricedure in
section 7.4 of Part | of reference (l).

Fur fatigue testing all specimens were electrically insulated from the loadiny prips and bolts by
rolymeric liners and bushings. Specimens to be fatigued in salt spray were also sealed at the taving
surface side edges and Hi-Lok coliars. The fatipue environments were laboratorv air and 5 7 aqueous NaCl
salt spray acidified with H,50, to pH 4, both at a nominal temperature of 295 K. The salt sprav tests were

done in a specially constructed cabinet, fully described in reference (1).
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5.3 Results

The cuomplete set of tuatipue lite and primary fatigue oripin dote for the AFWAL contribution t.o FAC
is given in tuble 5.2, The way in which the test propramme was set up and the results had consequences tor
the statistical methods used to analyse the data. This will be discussed in section S.3.1.

The fatigue life results are prescated and statistincally analvsed (p section 5.3... This is toulluwed
by presentation and statistical amalysis of the primary fatigue origio data in section $.3.J.

5.3.1 Statistical methods ror analvsing the data

A survey of the statistical methods for analysing the AFWAL data is given in tizure 5.0, Owing to the
limited number and unequal sample sizes of the fatiyue litfe data it had to be assumed that they at least
approximated to rundom samples from log-pormally distributed popunlativons with equal wvariance. Unequdl
sample sizes also meant that modifivd versions of the least significant difference test and Durcan’s new
multiple range test would have to be used fur "fine tuning” the analysis of variance results, More detarls
ol the statistical methods are yiven in Appendix 11,

5.3.. Fatigue life data

ihe tatigue life data are shown in figure 5.3, These data indicate that pre-expesure + {atigue in
salt spray resulted in shorter lives than fatijue in air. This was centirmed by two-way analysis ot
variance, the results of which are summarised {n table 5.3. Since there were onlvy tw test schedules
representing the effect of environment (iutigue in air, pre-exposure + tatigue in salt sprav) it is
obvivus that the significant difference is between them. Thus it was not necuessdry to "fine tune' this
result using the least sigrnificant ditference test.

Accurding to the analyvsis of var ce the other potertial sonv-ee of varistion (fastener
enviromment : lustener system interactions) were ot significant., These were further investisated asin,
buncan's new multiple range test. The results are given in table 3.4, For bhoth cenctsnt amplitude d
FALSTAFF luading and for a ygiven test schedule fenvironmentai conditicri there were po signiticant
differences in fatigue lives owing to ditferent fastener instillations,

stem

5.3.3 Primary fatigue origin data

Yates' corrected x” test and Fisher's exact test were used to analvse the primary fatigue origin data
listed in table 5.2. Owing to the limited number of data it was not possible to unalvse separatelyv for
oz combination of fatigue load history, environment and fastener system. Instead varfous "lamped”
combinations were examined including combining data for constant amplitude and FALSTAFF loading. This s
telt to be justified since ot.u. results fsee the NLR and LRTH contribution to FACT, show that the
dependence of primary {atigue origin locations on stress level is simitar ror constant ampiltude and
FALSTAFF loading, such that the same trends are obtained for a constant amplitude SNd of lad MPa and o

rALSTAFF snnx of 238 MPa. The results of the tests are summarised in table 3.5. Both environment (fatigue

testing schedule) and fastener system had significant effects on the locations of primary ietigue origins,
as follows:

(1

~

Changing from fatigue in air to pre-exposure + fatigue in salt spray prometed fallure :nitiati.o
in the bures (E/Q) and countersink dress (B/N, C, D) of the fastener holes, especialls for
specimens with slizht press fit Hi-Loks ifostalled dry as per oFUTF core programme.

tl) Use wf SLEEVbolts promoted failure initiation in the countersink areas (€, DY ot the fastener
holes. This effect is especially noticeable for specimens fatigued in air, see table 5.0

3.4 Discussion

Use of the i} dogbene specimen for this test programme is a fairly severe test oi the efficacy of
the SLEEVbolt fastener system. Under load the 1} dogbone specimen exhibits seeondary bending  that

incresses when the clearance betwewn fasteners and holes is reduced, sec ruferences ' 7, #)

B ard Appendic DL

This characteristic behavivur tends to nullify the usually beneticial effect on tarigue lite of using
interterence fit fasteners,

Cn the other hand, the equivalent futipue lives of specimens containiny Hi-lLoks and S EFVbalts
demonstrates the usefulness of SLEFVbolts for repairing a structure.

Changing from fatigue in air to pre-exposure + tatigue in salt sprav resulted in sivnificantly
shorter fatigoe lives, Wet installation of precs fit Hi-Loks using inhibited polysulphide sealant made no
difrerence.
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Conclusions
(1) The usefulness of SLEEVbolts fur repairing aircraft structures has been demonstrated.

(2) Wet installation of press fit Hi~Loks using inhibited polysulphide sealant was noi beneficial to
cotrosion fatigue resistance.

(3) Changing from fatigue in air to pre-exposure + fatigue in salt spray promoted failure initiation

in the bures and countersink areas of fastener holes and reduced the number of fallures
commencing at faying surfaces.

(4) Use of SLEEVbclts instead of press fit Hi-Loks promoted failure inftiatfon {n the bare
countersink areas of fastener holes.
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TABLE 5.1: OVFRVIEW OF THE AFWAL TEST PROGRAMME FOR I'ACT

MATERIAL

SPECIMEN

PROTECTION SYSTEMS

PKUTECTION SYSTEM
DAMAGE

FATIGUE LOADING

FATIGUE ENVIRONMENTS

STATIC PRE-EXPOSURE

TEST PROGRAMME

STATISTICAL ANALYSIS

3.2 mm thick 7075-T76 aluminium alloy sheet (CFCTP core programme
ma‘ :rial)

PRESS FIT Hi-Lok FASTENERS OR SLEEVbalts

3.2mm

SLEEVbolt specimens: chromate conversion + inhibited epoxy polyamide
primer (except fastener holes) + aliphatic polyurethane tapcoat

Hi-Lok specimens: -hromate conversion + inhibited epoxy polyamide
primer (except fastener holes) + aliphatic polyurethane topcoat and
with or without inhibited polysulphide sealant in the fastener holes

Hi-Lok specimens: two stress cycles at low temperature to crack
paint and prirer around the fastencr heads

constant amplitude, smin'/smax =0.1, s ax ™ 144 MPa; FALSTAFF,
Soax — 238 MPa max

laboratory air; 5 % aqueous NaCl salt spray with pH &

72 hours in 5 % aqueous NaGl + S0, at 315 K

CFCTP CORE PROGRAMME SPEMTMENS
—_— —
SCHEDULES FATIGUE LOAD HISTORY as Hi-Lok. Hi-Loky

RECEIVED REINSTALLED |REPLACED BY
WITH SEALANT|SLEEVbolcs

n A FALSTAFF,
cycle frequency 7 Hz ®

constant amplitude,
fatigue cvele frequency 2 Hz * . J
[ ]

constant amplitude,
pre-exposurefcvcle frequency 0.5 Hz * ® ®
+ fatigue inp——m—m——"————H

salt spray |FALSTAFF,
cycle frequency 2 He ® L] ®

;reviously tested in the CFUTP core programme

fatigue lives and primavy fatigue origins
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TABLE 5.3:

SUMMARY OF ANALYSIS OF VARIANCE RESULTS (95

7 CUNFITDENCE)

STCNIFITANT ERRECTS oF
g c ISTRIAUTION
FATIGUE LGAD MISTORY g:a:‘;g’:‘:é:{“ SOURCE OF VARIATION £ TR EAPER IMENTAL AW IABIYS
’ o (F > F DISTRIBUTIN VAILE,
@ HAIN EFFECTS
environment . ies
constant ampiitude. R = 0 1 S - lay Mpa fastener svstem P 0
Bax e
| @ 1-WAY INTERALTIONS
environment  fastener e o
| @ MAIN EFFECTS
onment o A s
FALSTAFF S - o33 ups coer svsten 3o .
max _— 4 - - R
TERALT
R o N ;

TABLE 5.4:

SUMMARY OF DUNCAN'S NEW MULTIPLE RANGE TEST RESULTS

(95

7 CONEFIDENCE)

ATTEVE LOAD BISTOPY

FATIGUE TESTING SUHEDLIE

FASTENER STSTEM

MELOAL B
HARAUTERIST
STRESS LFVEL

PAKIE

tude R o= 0]

Foustant ampli

s - e MFa
e

farigne in

Pre - exposure

sl sprav —

Y

SLEEThalts

ey Wi ks

farigue in a

pre-expnsurs
in sals spra
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. tar
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drv Hi Loks
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1 Hi-Lok
INSTALLATION

DRILL STRAIGHT INSERT SLIGHT PRESS INSTALL COLLAR WITH COLLAR END SHEARS

DIAMETER HOLE FIT Hi-Lok PINWITH SPECIAL HATCHET WRENCH OFF AT CORRECT

WITH COUNTERSINK OR WITHOUT TORQUE LEVEL

SEALANT ONPIN

3 /\F— %

SLEEVhait
& INSTALLATION WITH
Hi-Lok COLLAR
i REDRILL STRAIGHT INSERT CRITICAL PULL BOLT INTO COLLAR END SHEARS
4 DIAMETER HOLE CLEARANCE FIT INTERFERENCE FIT BY OFF AT CORRECT
WITH COUNTERSINK SLEEVbholt ASSEMBLY INSTALLING Hi-Lok COLLAR TORQUE LEVEL
(TAPERED BOLT iN WITH SPECIAL RATCHET
TAPERED INSIDE WRENCH (ALTERNATIVELY
DIAMETER SLEEVE} PRESS BOLT IN AND INSTALL

Hi-Lok CULLAR)

Fig. 5.1 Fastener systems used iu the AFWAL contribution to FACT

[ AFWAL FACT DATA j

/ \
] L FATIGUE LIVES j [ PRIMARY FATIGUE OHIG@

ASSUME AT LEAST APPROXIMATE YATES' CORRECTED 1 TEST
LOG -NORMAL DISTRIBUTIONS

0R
FISHER'S EXACT TEST
ASSUME AT LEAST APPROXIMATE ® ORIGINS AND ENVIRONMENTS
HOMOGENEITY OF VARIANCES ® ORIGINS AND FASTENER SYSTEMS
‘ 2-WAY ANALYSIS OF VARIANCE
® MAINEFFECTS

— envvonment
— fastener system

2-WAY INTERACTIONS
- environment: fastener system

2
4 NO e
YES
mi'nzfxgﬁ::g ?{;’TE,"S"CE TEST Funcms NEW MULTIPLE RANGE rssq

Fig. 5.2 Survey I statistical methods for analysing the AFWAL data for FACT
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KEY TO SYMBOLS ;
TEST SCHEDULES @ SLIGHT PRESS FIT Hi-Loks INSTALLED | O SLIGHT PTESS FIT Hi-Loks A& SLEEVbohs “
DRY AS PER CFCTP CORE PROGRAMME REINSTALLED WITH SEALANT (INTERFERENCE FIT)
— /;, T - ™
T T T T T T IIITI ]——r’ﬁ'ﬁ T’TT—T T T rrr |

CONSTANT AMPLITUDE FALSTAFF
R=°'1‘smax: 144 MPs Smax = 238 MPa

fatigue in air _>
pre-exposure + fatigue in salt spray > —o—
HL‘A'___“A‘_l*L_LLJ_Ll__.;A_A_H_.

v

1 Lo aand Lo el :
10,000 100,000 1,000,000 1000 10,000 10u- 30
CYCLES TO FAILURE SIMULATED FLIGHTS TO FAILURE

Fig. 5.3 ATwAL fatigue life data contribution to the FACT programme
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6. THY NDRE CONIKIBUTION TO THE FACT PROGRAMME

L. Sévold, Norwegian Defence Research Establishment NDRE, Division for Weapon and Equipment, Kjeller,
Norway

K. Asbéll, A/S Raufoss Ammunisjonsfabrikker, Metallurgy Division, Raufoss, Norway
6.1 Introduction

The MDRE contribution to FACT compared the fatigue and corrosion fatigue properties of 7079 aluminium
alloy sheet in the T76 and RRA (retrogression and reage) conditions. As is well known, the T76 condition
provides improved resistance to stress corrosion compared to the Té temper but is accompanied by a
strength reductior of 5 - 10 Z. The RRA treatment was developed to avoid this strength loss (reference 1).

In the first irstance 7075-T6 sheet was supplied to the NDRE from a cemmon batch purchased by the NLR
and also supplied to the IABG and RAE, see table 1.1 of the introductior to this part of the report. This
sheet material was subsequently converted to the T76 and RRA conditions by the A/S Raufoss Ammunisjons-
tabrikker.

Conversion to the T76 condition is achieved simply by overageing 7075-Té for several hours (typically
about 10 hours) at 463 * 3 K. The RRA treatment is a more complex two-step process. 7075-T6 is first
"retrogressed" at a temperature between 473 - 533 K for a short time (1 - ? minutes at wost). This is
usually accomplished in a silicone o0il bath in view of the short times 1involved. The material is then
water quenched and reaged at 393 K for between 16 - 48 hours.

In the present work the RRA treatment cunsisted of retrogression in a salt bath at $13 K for 35 s,
followed by reageing at 393 K for 24 hours.

6.2 The Test Programme

An overview of the test programme is given in table 6.!. All specimens were ~f the 13 doghene
coniiguration discussed in detail in referemce (2) and recommended for the F CT programme. Cadmium piated
steel Hi-Lok fasteners were used. The diameter of the holes for the fasteners was 5.306 * 0.044 om, which
carresponds to a slight press fit, see figure l.l of the introduction to this part of the report.

After conversion of the sheet material to the T76 and RRA conditions the specimens were manufac.ured,
painced and assembled by the U.S. Naval Air Development Centre NADC. The specimens had the same L.S. Nav:
paint scheme as in the CFCTP core programme, see reference (2) and Part Il of this report.

6.2.1 Material properties

Engineering property data of the 7075 sheet as supplied in the T6 temper and after conversion tu the

T76 and RRA conditions w:2 compared with data for the 7075-T76 sheet used in the CFCTP core programme as
follows:

T
MATERIALS 0.2 % YIELD STRESS (MPa) [ LTS (MPa) | ELONGATION %
7075-Té6 547 582 11.2
7975-T76 (conversion) 485 537 17
7075-T6RRA (conversion} 562 582 16
479 (max) 550 (max)
7075-T76 (CFCTP core 1.6
programme) 455 (min) 541 (min)

6.2.2 Mechanical testing conditions (static prestressing and fatigue)

All stresses were defined in terms of loads on the total cross-section of the fatigue specimen
dogbone at the location of the centreline between the fasteners, i.e. the fastenc. holes were included in
the cross-sectional area.

Before environmental exposure and fatigue testing all specimens were prestressed at 209 * {0 K by
applying twu load cycles up to either the maximum stress occurring in the subsequent fatigue test or
215 MPa, whichever was the greater. The procedure for this is discussed in reference (2). The purpose o
this low temperature prestressing was to ensure that the paint and primer lavers were brittle and would

crack around the Hi-Lok fastener holes, th“ereby simulating service damage that enables corrosion and
corrosion fatigue to occur.

The characteristic fatigue stress levels for the test programme have beeun indicated already in table
6.1. These stress levels were obtained from the pilot tests described in section 1.4 of this part of the
report. Detalled procedures for fatigue testing are given in reference (2). The iatigue load histuries

were constant amplitude sinusoidal loading with a stress ratio K = Smm/smax of U.1 and the manceuvre

spectrum FALSTAFF (references 3, 4). A short description of FALSTAFF is piven {n sectiom 1.3} of this part
of the report.

h.2.3 Environmental conditions (pre-exposure, fatigue and corrosion fatigue)

Specimens <chedyled for static exposure to an aggressive environment before fatigue testing were
sealed at the faylng surface stde edges and Hi-Lok collars to prevent corrosion excapt In the fastener
head areas. The procedure for static pre-exposure is described in detail in reference (2}. The specimens
were immersed for 72 hours in 5 % aqueous NaCl acidified by a predetermined amount of SO, gas and
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maintained at 315 ¢ 2 K. The specimen cleaning procedure after pre-exposure followed the amendment in
gection 4.4 of Part 2 of reference (2).

For fatigue testing all specimens were electrically insulated from the loading grips and bolts by
polymeric liners and bushings. Specimens to be fatigued in salt apray were also sealcd at the faying
surface slde edges and Hi-Lok collars. The fatigue environments were laboratory air and 5 I aqueous NaCl

salt spray acidified with RZSO4 to pH 4, both at a nominal temperature of 295 K. The salt spray tests were

done in a specially constructed cabinet, fully described in reference (2).

The nominal cycle frequencies for each cowbination of fatigic load history and environment were as
follows:

NOMINAL CYCLE FREQUENCY

FATIGUE LOAD HISTORY

fatigue in air fatigue in salt spray
constant amplitude, R = 0.1 2 Hz 0.5 Hz
FALSCAFF 15 Hz 2 Hz

6.3 Results

The complete set of fatigue life and primary fatigue origin data for the NDRE contribution to FACT is
given in table 6.2. The way in which the test programme was set up and the results had consequerces for
the statistical methods used to analyse the data. This will be discussed in section 6.3.1.

The fatigue life results are presented and statistically analysed in section 6.3.2. This is followed
by presentacion and statistical analysis of the primary fatigue origin data in section 6.3.3.

6.3.1 Statistical methods for analysing the data

A survey of the statistical methods for analysing the NDRE data is given in figure 6.1. Owing to the
limited number of data it had to be assumed that they at least approximated to random samples from log-
normally distributed populations. Also, unequal sample sizes for the FALSTAFF data and comparison of the
constant amplitude data with CFCTP core programme data meant that equal variances had to be assumed for
analysis of variance, and that for some "fine tuning"” of analysis of variance results mudified versions of
the least significant difference test and Duncan's new multiple range test had to be used. More details of
the statistical methods are given in Appendix II.

6.3.2 Fatigue life data

The fatigue life data are shown in figure 6.2. In a general way these data indicate that siress leve’
(FALSTAFF), environment and material had significant effects on fatigue lives. As will be shown, this wa
confirmed by sta*istical analysis.

The Box test was used to check homogeneity of variances of the NDRE constant amplitude data. The
variances were found to be equal, see table 6.3. Analysis of variance was carried out separately for the
constant amplitude and FALSTAFF data. The results are summarised in table 6.4. The main effects of stress
level, environment and material were found to be significant. Because there were only two stress levels
for the FALSTAFF tests and orly two test schedules representing the effect of environment (fatigue in air,
pre-exposure + fatigue in salt spray) it is obvious that the significant differences were between each
stress level and each environment. For the FALSTAFF tests it is also evident that the significant effect
of material is due to 7075-T6RRA specimens having longer average fatigue lives than 7075-T76 (conversion)
specimens.

For the constant amplitude tests there were three material conditions. The least significant
difference test was therefore used to "fine tune" the significant material effect indicated by analysis of
variance. The results are given in table 6.5 and show that also for constant amplitude loading the
7075-T6RRA specimens had significantly longer average fatigue lives than 7075-T76 specimens.

The other potential sources of variation (2-way and 3-way iInteractions) were not found tu be
significant by analysis of variance. These were further investigated using Duncan's new multiple range
test., Table 6.6 lists the results, which may be described as follows:

(1) The effect of stress level (FALSTAFF) was sfgnificant for each environment and matecial.

(2) The effect of environment depended on load history, stress level and material. Changing from
fatigue in air to pre-exposure + fatigue in salt spray was especially significant in reducing the
fatigue lives of 7075-T6RRA specimens tested under constant amplitude loading and FALSTAFF with
S = 289 MPa,

max

(3) Although 7075-T6RRA specimens generally had significantly longer average fatigue lives than
7075-T76 specimens, this was not true for all combinations of load history, stress level and
environment. Changing from fatigue in air to pre-exposure + fatfgue in salt spray tended to
reduce the di{fferences between materfals.

6.3.3 Primary fatigue origin data

Yates' corrected x? test and Fisher's exact test were used to analyse the primary fatigue origin data
listed in table 6.2. The results are summarised in table 6.7. Only one significant effect was found,
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namely the influence of environment (fatigue testing schedule) on the locations of primary fatigue origins
in specimens tested with FALSTAFF. Specifically, changing from fatigue in air to pre-exposure + fatigue in
salt spray promoted failure initiation in the bores (E/Q) and countersink areas (A/M, B/N) of the fastener
holes, especially for Smax = 238 MPa.

6.4 Discussion

This test programme has shown that the retrogression and reageing (RRA) treatment for 7075 aluminium
alloy sheet has two important advantages compared to the conventional T76 overageing treatment. The static
yleld and ultimate strengths of 7075-T6RRA are significantly higher, by about 15 7 and 8 % respectively,
and are equivalent to 7075-T6 values. This confirms the work of C(ina (reference 1). Secondly, when
assembled into specimens representing realistic structural joiats the fatigue and corrosion fatigue
resistances of 7075-T6RRA are generally better than those of 7075-T76.

6.5 Conclusions

(1) Retrogression and reageing (RRA) enabled 7075 aluminium alloy sheet to retain T6 strength levels
combined with generally better fatigue and corrosion fatigue properties than 7075-T76.

(2) The effects of stress level and environment on fatigue lives were significant. Changing from
fatigue in air to pre—exposure + fatigue in salt spray tended to reduce the differences between
7075-T6RRA and 7075-T76.

(3) From the tests with FALSTAFF ii was found that chaneing frai [aiigue {u aii Lo pre .xposuie *
fatiyne in sali spray promoted failure initiation in the bores and countersink areas of fastener
holes and reduced the number of failures commencing at faying surfaces.
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TABLE 6.1: OVERVIEW OF THE NDRE TEST PROGRAMME FOR FACT

8Y

MATERIAL

SPECIMEN

PROTECTION SYSTEM

PROTECTION SYSTEM
DAMAGE

FATIGUE LOADING

FATIGUE ENVIRONMENTS

STATIC PRE-EXPOSURE

TEST PROGRAMME

STATISTICAL ANALYSIS

3.2 mm thick 7075-T76 aluminium alloy sheet converted to the T76 and
RRA conditions

PRESS FIT Hi-Lok FASTENERS

chromate conversion + inhibited epoxy polyamide primer
(except fastener holes) + aliphatic polyurethane topcoat

two stress cycles at low temperature to crack
paint and primer around the fastener heads

constant amplitude, /S = 0.1; FALSTAFF

Smin max

laboratory air; S % aqueous NaCl salt spray with pH 4

72 hours in 5 % aqueous NaCl + SO2 at 315 K

SCHEDULES FATIGUE LOAD  |CHARACTERISTIC| MATE-IAL vu.bisiohs
HISTORY STRESS LEVEL 7075-T76 7075-T6RRA
constant amplitude|S . = 144 MPa [ ] [ ]
e Sway " 280 MPa| @ d
FALSTAFF
Spay = 238 HPa ® Py
constant amplitude|S = = 144 MPa ® [ )
pre~exp05ul‘e
+ fatigue in Spay ~ 289 MPa [ ] [ ]
sali spray (FALSTAFF
Spax ~ 238 MPa [ ] [ ]

fatigue lives and primary fatigue origins

—

——~
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Fig. 6.1 Survey of statistical methods for analysing the NDRE data for FACT
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Fig. 6.2 NDRE fatigue life data contribution to the FACT programme ard CFCTP core programme fatigue life
data. The CFCTP core programme data exclude specimens redrilled to press fit imensions
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1. THE NLR AND LRTH CONTRIBUTION [0 THE FACT PROGRAMME

R.J.H. Wanhill, Naticnal Aerospace Laborat- y +LR, Structures snd Matertals Division, FEmmeloord,
The Netherlands

~

Introduction

The Structures and Materials Division of the NLR and the Department of Aerospace Engineering LRTH of
Delft University of Technolegy were jouint participants in the FACT supplemental programme. Most of the
work was carried out with the support of the Scientific Research Division of the Directrrate uf Materiel,
Royal Netherlands Air Force, and the Yetherlands Agency for Aerospace Programs NIVR.

The primary objective of the NLR a-' LRTH contribution to FACT was to compare the resistance to
corrosion tatigue of alrcraft corrosion protection systems and aluminium alloy materials In use in the
Netherlands. In addition the effectiveness of AMLGUARD, a water displacing corros on preventive compound
(reference 1), was examined.

To try and place the results in a broader conteéal it wa- arranged that two of the aluminiuw alloys,
7075-T6 and 7475-T761 clad, cawe from the same batches of material tested hv :he NDRE, IABG and RAE, s e
table 1.1 of the introduction to this part of the report.

7.2 The Test Programme

An overview of the test prog smme as it f.nally evolve' is given in table 7.1. The partfal filling-in
of the test matrix v2s the consequence of limited pumber. of specimens and updating of j-ierities with
respect to cholce of fatigue testing schedules.

7.:.1 Materials and specimen configuration

The alun'rium alloys used for monolithic specimens were 3.2 mm thick sheets oi 2024-T3 Alclad,
7075-T6 and 7475-T761 clad. The 2024-T3/aramid fibre laminates were 3.2 mm thick and built up from 0.6 mn
thick 2024-T3 sheets interleaved and adhesively bonded with single aramid 143 fabric layers and then
plastically stcained 0. Z. Additional details of the fabrication of these laminates, lLereinafter referred
to as ARALL (Aramid Reinforced Aluminium Laminate) are given in reference (2).

Engireering property data, based on total crus” secticnal area, were as follows:

MATERIALS 0.2 7 YIELD STRESS (MPa) UTS (MPa) ELCNCATION (7))
2024~73 Alclaw 350 474 16.5
7075-T6 547 582 (RN
747,~T761 -lad 12 498 12.6

| ARALL 470 600 1.8

Note the low elongatin- to failure fur ARALL. In a [fatigue-sensitive material this wo:ld bhe
disastrous, but ARALL is highly resistant to fatigue (reference ) as will alsc become clear in this
contr butlon to the FACT programme.

All specimens were of the 1} dogbone configuration discussed in detail in reference (3) and
recompended fur the FACT prog: amme. Cadmium plated steel Hi-lok fasteners were used. The diameter of the
holes for the fasteners was .36 & 0,044 mm, whizh corresponds to a slight press Fit, see figure 1.1 of

the {ntroduction to this part ¢: the report.
7.2.2 Prutection systems and specimen assc.blv

Corrosion protection systems were applied by Fokker Aircraft Factories according to stardard process
sp cifications for the F-28, NF-5 and F-16 atrcraft. Simplified processing schedules are shown in figure
7.1, which also includes Hi-Lok installation and assembly of the specimens. These processing schedules
resulted in the Hi-Lok fastener hules being devoid uf pr tective coatings, i.e. bare alumirium allov
directly contacted the cadmium plated fastener shanks and heads. This i{s a "worst r~ase” situation which,
however, is entirely feasible.

7.2.3 Mechanical testing conditions (static prestressing and fatigue)

All stresses were defined {n terms of loads on th2 total cross-section (but excluding cladding lavers
if present) ot the fatigue specimen dogbune at the location of the centreline between rhe fasteners, i.e.
the fastener holes were included in the cross-sectional area.

Before enviroumental exposure and fatiyue testing all specimens were prestressed at 204 ¢ I0 K by
applying two load cvcles uj to either the maximum stress occurring in the sutsequent fatigue test or
215 MPa, whichever was the greater. The procedure for this is discussed in reference (3). The purpuse of
this low temperature prestressing was (o ensure that the paint and primer lavers were brittle and would
crack around the Hi-lok fastener holes, thereby simulating service damage that enables corrnsion ard
corrasion fatigue to occur.

The characteristic fatigue stress levels 1or the test programme have been Indicated already in table
7.1. These stress levels were obtained from the pilut tests described in sectiar 1.4 of this part ol .ne
report. Detailed procedures for fatigue testing .re given in reference (3). All tests were done using a
900 kN load frame fitted to a WOLPERT-AMSLER/MT! electrohydraulic machine. The cl. ed loop svstem was
controlled by an NiLR-developed device, MIuAS IT (Magnetic tape lnput Digital-to-Analogue Signal).
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nformation on flight simulation luad sequences was stored on magnetic ta.es and -ead by a KENNEDY 9000
re.. rder.

The fatigue load histories were constant amplitude sinuscidal loading with a stress ratio R =
Smin/smax of 0.1, the manveuvre spectrum FALSTAFF (references 4, 5) and the gu.t spectrum MINITWIST
(references 6, 7). The peak loads of both spectra were urtruncated. Short descriptions of these spectra
are given in section 1.3 of this part of the report.

7.2.4 Eovirocmental conditi ns (pre-exposure, fatigue and corrosion fatigue)

Specimens scheduled for static exposure to an aggressive enviroumen. before fatigus testing . re
sealed ¢t the faying surface =ide edges and Hi-Lok collars to prevent c.rrosion ex~ept possibly in the
fastener head areas. Some of e specimens were then completely spray coated with AMLGUARD 24 iours before
expusure, see the test matrix in table 7.!. The procedure for static pre-exposure is described in dezail
in reference (3). The specimens were immersed for 72 hours in 5 % aquecus NaCl .cidified by a predeter-
mined ameunt of ° | gas and maintained at 315 * 2 K. The specimen cleaning procedure after pre-exposure
followed the amendment in section 4.4 of Part 2 of reference (3).

For fotigue testing all specimens were electrically insclated from the loading grips and bolts by
polymeric 1line-s and bushings. Specimens -0 btz fatiygued in salt spray were also sealed at the fayir
surface side edpes and Hi-Lok collars. The -atigue envirunments were luporatory air and 5 7  ayueous NaCl
salt spray acidified with HZSOA to pH 4, bots &i a nominal temperature o 295 K. The salt spray tests were

done in a specially comstructed cabinet, full, described in reference (3}.

The nominal cycle frequencies for =ach combination of fatig'n load history uand environmeat were as
tollows:

NOMINAL CYFTE FREQUENCY
FATIGUE LOAD HISTORY

fatigue in air fatigue in salt spray

constant amplitude, R = 0.1 2 Hz ’ 0.5 He
MINITWIST 15 Hz | 5 Hz
FALSTAFF 15 Hz l 2 Hz

7.3 Results

The compiete set of tatigue life and primary fatigue origin data for the MR and LRTH contributioen
to FACT is given in table 7.2. The way in which the test programme was sct up and the results had
consequen.es for the statistical methods used to analyse the data. This will be dir:ussed in section
7.3.1.

The fatigue life results are presented and statistically analysed in sections 7.3.2 - 7.3.4. This is
followed by presentation and statistical analysis of the primary fatigue origin data in section 7.3.5.
Correlations between fatigue lives and primary fatigue origins are discussed in section 7.3.6,

7.3.1 Scatistical methods for analysing the data

A survey of the statistical methods for analysing the NLR and LRTH data is yziver in figure 7.2. Owing
to the limited oumber of data it had to v assumed that they at least approximated to random sump'es from
log~normally o stributed populations. Aiso, unequal sample sizes for the MINITWIST data and comparison of
the constant amplitude data with CFCTP core programme data meant that equal variances had to bhe assumed
tor analysis of variaoce, and that for some "fine ctuning”" of analysis of variance results modified
versions of the least significant difference test and Duncan's new multiple range test had to be used
More details of the statistical methods are given in Appendix 1I.

7.3.2 Constant amplitude fatigue life data

The constant amplitude fatigue life dats are shown in figure 7.3. The data indicate the following
trends:

(1) 7075-T6 specimens had significantly shorter fatigue lives than other specimens.

(2) The fatigue lives of 2024-T3 specimens and 7475-T761 specimens without interfay sealant were
equivalent to thuse of CFCTP specimens, as indicated by the shaded bar in figure 7.3.

(3) An interfay sealant was beneficial to the .atigue lives of 7475~T761 specimens.

(4) Coating with AMLGUARD to prevent corrosion during pre-exposure or fatigue in salt spray had
little or no beneficial effect on the fatigie lives of 2024~T3 and 7075-T6 specimens.

(5) Changing the fatigue environment from alr to salt spray was more detrimental to fatigue life
than pre-exposure.

As will be df cussed, statistical analysis confirmed trends (1), (3), (4) and (5) and sh.wed trend (2) to
be partly true.

Analysis of variance was carried out separately for the NLR conscant amplitude data and a combination
of NLR and CFCTP core programme data. The vesults are summarised in table 7.3. The main effects of
environment and material were found *o be signififcant 1in both cases. The environment : material
{nteractions were found to be significant only when the NLR data were analysed separately.

~—



The analysis uf variance results were "fine tuned" using the least significant difference test or
Duncan’s mnew multiple range test, as appropriaste. The results of these tests are listed in tables
7.4 - 7.7, and show the following:

e 70/5-T6 specimens had significantly shorter fatigue lives than other specimens, in agreement with
(1) above

for fatigue in air, with or without pre-exposure, the fatigue lives of 2024~T3 specimens and
7475-T761 specimens withcut interfuy sealant were equivalent tu those of CFCTP specimens

e for pre-expusure + fatigue in salt spray the fatigue lives of 2024-T3 and CFCTP specimens were
equivalent and significantly shotter than those of 7475-176! specimens without interfay sealant

7475-T761 specimens with interfay sealant had significantly longer fatigue lives than other
specimens: this confirms the beneficial effect of sealant

coating with AMLGLARD before pre-expusure had no significant effect on the lives of [024-T3 and
T075-Tb specimens fatigued in air and salt spray

e an indicatiun that pre-exposure significantly affected fatigue life was found only for 7075-Té
specimens (table 7.5)

changing the tatigue environment from air to salt spray significantly shortened the lives of
2024-T3, 7075-T6 and CFCTP specimens

e 7475-T761 specimens with and without interfay sealant were insensitive ta pre-exposure and changing
the fatigue envirunment from arr to salt spray.

7.3.3 Gust spectrum (MINITWIST) fatigue life data
The MINITWIST fatigue life data are shown in figure 7.4. The data indicate the following:

(1

ARALL specimens were greatly superior to monolithic 2024-T3 specimens (fatigue lives more than
10X longer at the same stress level).

(2) Stress level had a significant effect for 2024-T3 specimens.

{3; Ceating with AMLGUARD to prevent corrosion during pre-exposure or fatigue in salt spray had
litele or no beneficial effect on the fatigue lives of 2024-T3 specimens.

(4) Fatigue in salt spray was more detrimental to fatigue life than pre-exposure.

Qwing tu the evident superiority of ARALL it was considered unnecessary to check (I) statistically.
However, statistical analysis was used to check and confirm (2) - (4).

The results of two-way analysis of varlance are summarised in table 7.3. The effects of stress and
environment and their interactions were found to be significant. Because there were only two stress levels
it is obvious that the significant difference is between them. Thus it was not necessary to "fine tune"
this result using the least significant difference test.

The stress : environment interactions were further investigated wusing the least significant
difference test. The results are given in table 7.8, and show that

e the effect »f stress level was significant for all environments (fatigue testing schedules)

coating with AMLGUARD before pre-exposure had no significant beneficial effezt on the lives of
2024-T3 specimens fatigued in air and salt spray

e environmental effects were more significant at the lower stress level (Smf = 89 MPa) and were
wmainly due to changing the fatigue envirooment from air to salt spray.

7.3.4 Manoeuvre spectrum (FALSTAFF) fatigue life data
The FALSTAFF fatigue life data are shown in figure 7.5, The following trends can be observed:

(1

Stress level had a significant effect.

(2) At the higher stress level (S = 289 MPa) the 7075-T6 specimens had significantly shorter

fatigue lives than 7475-T761 specimens with interfay sealant. However, the ranges fin fatigue
lives of 7075-T6 specimens and 7475-T76] specimens without interfay sealant tended to overlap.

(3) At the lower stress level Spax = 238 MPa) the 7075-T6 specimens had significantly shorter

fatigue lives than both types of 7475-T761 specimens.

(4) An fintertay sealant w.s Leneficial to the fatigue lives of J475-T7hl specimens only at the higher
stress level,

w

Coating with AMLGUAKD to prevent corrosion during pre-exposure or fatigue in salt spray had
little or no beneficial effect on the fatigue lives of 7075-T6 specimens.
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(6) 7075-T6 specimens were more sensitive to envirouuental effects than 7475-T761 specimens. At the
lower stresc level (Smax = 238 MPa) 7475-T761 specimens were completely ingensitive to

environmental effects, as shown by the shaded bar in figure 7.5,

(7) When environmental effects were present, notably for 7075-T6 specimens, the change from fatigue
in air to fatigue in salt spray was more detrimental to fatigue life than pre-exposure.

As will be discussed, statistical analysis confirmed all these trends, with minor refinements.

The Box test was used to check for homogeneity of variances of the FALSTAFF fatigue life data. The
variances were found to be equal, see tables 7.9 and 7.10. The results of threv~way analysis of variance
are summarised in table 7.3. The effects of stress, enviromment .'d materisl and most of their inter-
actions were found to be significant. Because there were only two stress levels it is obvious that the
significant difference is between them. Thus it was not necessary to "fine tune" this result using the
least significant difference test.

The remaining analysis of variance results were "fine tuned” using the least significant difference
test or Duncan's pew multiple range test, as appropriate. The results of these tests are piven in tables
7.10 - 7.13, and show the following:

® the eflect of stress level was significant for all environments (fatigue testing s-~hedules)

e at the higher stress level (Swax = 289 MPa) the 7075-T6 specimens had significantly shorter fatigue
lives than 7475-T76l specimens with interfay sealant; but the fatigue lives of 7075-Th specimens
and 7475-T76] specimens without interfav sealant were equivalent tor two of the three fatipue
testing schedules (fatigue in air, pre-exposure + fatigue in salt spray)

® at the lower stress level (Smwx = 23& MPa) the 7075-T6 specimens had significantly shorter Datiom
lives than both types of 7475-T7bl specimens, whose lives were equivalent

e an interfay sealant was significantiy beneficial tu the fatigue lives of 7475-T7h1 specimens only
at the higher stresc level

® coating with AMLGUARD before pre-exposure had no significant effect on the lives of 7075-T6

specimens {atigued in air and salt spray

e at the higher stress level 7075-T6 specimens and 7475-T761 specimens without interfay sealant
showed equivalent sensitivity to environmental effects; 7475-T7h1 specimens with interfay sealant
were insensitive to changing the fatipgye testing schedule

e at the lower stress level 70075-Th specimens were significantly sensitive to environmental effects
but 7475~T76! specimens were completely insensitive

significant environmental effects were due to changing the fatigue eovirovment from air to salt
spray: pre-exposure had no significant effect by itself.

7.3.5 Primary fatigue origin data

The x° test of independence and Yates' corrected x? test were used to analyse the primary fatigue
origin data listed in table 7.2. Owing to the limited number of data it was not possible te analyse
separately for each combination of types of primary fatigue worigin, stress level, epvironment and
material. Instead various "lumped” combinations were examined. The results of the tests are summarised in
table 7.14 and qualitatively compared in figures 7.6 - 7.8. Stress level, environment and material usually
had significant effects on the locations of primary fatigue origins. In mere detail:

(1) Under constant amplitude fatigue a change from fatigue in air to pre-exposure + fatigue in salt
spray promoted failure initiation at the bore/faving surface corners (F/R) of the fastener holes
and reduced the number of faying surface {G/S) failures. The effect of changing the material and
protection system was also significant: 7475-T761 specimens with or without interfay sealant had
ne failure initiations at bore/faying surface corners (F/R) and had many more faying surface
(G/S) failures as compared to 2024-T3 and 7075-T6 specimens.

(2) For MINITWIST fatigue of monolithic 2024-T3 specimens the effect of a higher stress level was to
promote failure initiation in the bores (E/Q) of the fastener holes and reduce the number of
bore/faying surface corner (F/R) and fayinyg surface (G/S) failures. However, changing the fatigue
environment from air to salt spray did not have a significant effect on the locations of primary
fatigue origins.

(3) For FALSTAFF fatigue the effect of a higher stress level and changing the fatigue environment

from air to salt spray was to promote failure initiation at the bore/faying surface corners (F/R)
of the fastener holes and reduce the number of faying surface (G/S) fallures. The effect of
changing the material and protection system was also significant: 7475-T761 specimens had more
faying surface (G/S) failures than 7075-T6 specimens.

7.3.6 Fatigue llves and primary fatigue origins

Some unusual locations for primary fatigue origins were observed for 7475-T761 specimens with
interfay sealant, see table 7.2. This was especially true for constant amplitude fatigue. The specimens
had very long fatigue lives both in air and salt spray. For fatigue in air all the specimens failed at
faying surface locations remote from the fastener holes. For fatigue in salt spray three out of four
specimens failed near the top of the countersink area (B/N) as a consequence of paint cracking and
corrosion attack of the underlying metal during the fatigue tests.
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il view of these results it seews reasonable to conclude that for constant amplitude loading the use
of interfay sealant prevented fatigue crack Initiation at the more usual locatlons, i.e. bore/faying
surface corners (F/R) and faying surfaces (G/S) close to the fastener holes. This resulted in prolongation
of the fatigue lives until failures became possible at the other initiation sites.

It is unfortunate that under FALSTAFF loading, which 1is more realistic than constant amplitude
joading, similar changes in primary fatigue origin locations (presumably owing to the use of interfay
sealant) did not result in significantly longer fatigue lives.

These contrasting results illustrate the complexity of environmental fatigue in afrcraft structural
joints and the nccessity for realistic testing.

7.4 Discussion

As mentioned in the introduction (section 7.1) the primary objective of the NLR and LRTH contribution
to FACT was to compare the resistance to corrosion fatigue of afrcraft corrosion protection systems and
alvminium alloy materials in use in the Netherlands. The results of this test programme have shown that
there were signilicant differences in environmental fatigue pertormance of 13 dogbone specimens made from
different materials and with different protection systems. An overview of the results is given in figure
7.9. This will be helpful in the following discussion.

7.4.1 Fatigue lives at higher stress levels

For MINITWIST loading the fatigue performance of ARALL (2024-T3/aramid fibre laminates) was much
superior to that of monolithic 2024-T3 Alclad. This is most encouraging for the use of ARALL in advanced
aircraft structures. Subsequent testing of a full-scale wing panel has confirmed this (reference 8).

For FALSTAFF loading the fatigue resistance of 7475-T761 clad specimens with interfay was superior to
that of 7075-T6 specimens and 7475-T76i clad specimens without interfay. Thus the interfay sealant was
beneficial to fatigue lives,

Use of the water displacing corrosion preventive compound AMLGUARD, which was applied before pre-
exposure and fatigue testing, proved to be ineffective in prolonging fatigue life. However, this does not
invalidate the use of AMLGUARD or similar compounds for inhibiting corrosionm.

Pre-exposure was not detrimental to fatigue life. Changing the fatigue environment from air to salc
spray was detrimental for 2024-T3 Alclad, ARALL, 7075-T6 and 7475-T761 clad specimens without interfay,
but not for 7475-T761 clad specimens with interfay. Thus the 7475-T761 clad specimens in combination with
the F-16 paint system and interfay sealant were more resistant to environmental effects. This is an
important result, since it means that corrosion-related fatigue problems for F-16 aircraft bhased in the
Netherlands should be less severe than those for the previous generation of aircraft.

7.4.2 Fatigue lives at lower stress levels

At lower stress levels the fatigue resistances of 7075-T76, 2024-T3 Alclad and 7475-T761 clad
specimens were equivalent. 7075~T6 was consistently inferior, thus differences in susceptibility to
corrosion (pre-exposure) and corrosion fatigue were not primarily responsible. Possible reasons for the
inferiority of 7075-T6 are a lower resistance to fatigue crack initiation, with or without fretting, and
greater susceptibility of the relatively thick sulphuric acid anodisation layer to cracking as compared to
the chromic acid anodisation layers on other specimens (see figure 7.1). However, it has been shown that
anodisation layers are beneficial to the fatigue resistance of aircraft structural joiats because they
provide wear resistant coatings that delay the onset of fretting (reference 9).

With regard to corrosion protection systems, an interfay sealant was beneficial for 7475-T761 clad
specimens tested under constant amplitude loading, but not under FALSTAFF loading. The reason for this {is
un~l=~~, especially because the interfay cezlant was beneficial at the higher FALSTAFF stress level, see
the previous section and figure 7.9. As at higher stress levels, AMLGUARD was not effective in prolonging
fatigue life.

Except for 7075-T6 specimens, pre-exposure was not detrimental to fatigue life. Changing the fatigue
environment from air to salt spray was detrimental for 7075-T76, 2024-T3 Alclad and 7075-T6 specimens, but
not for 7475-T76]1 clad specimens with or without interfay. This confirms that 7475-T761 clad specimens in
combination with the F-16 corrosion protection system were more resistant to environmental fatigue
effects.

7.4.3 Primary fatigue origins

An overview of the main influences on locations of primary fatigue origins in the 1} dogbone
specimens is given in figure 7.10. These influences may be summarised as follows:

(1) Higher stress levels, pre-exposure and/or changing the fatigue environment frow air to salt spray
promoted fatigue crack inf{tiation in the bores and at bore/faying surface corners of the fastener
holes. This means that the number of failures at the faying surfaces decreased.

(2) Lower stress levels and the absence of corrosion or corrosion fatigue favoured fatigue crack
initiation at the faying surfaces close to the fastener holes. This means that there were fewer
faflures in the bores and at bore/faying surface corners of the fastener holes.

7.5 Conclusions

(1) Significant differences in environmental fatigue performance were found for 1§ dogbone specimens
made from different materials and with different corrosion protection systems.
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(2) Under gust spectrum (MINITWIST) loading the fatigue performance of ARALL (2024-T3/aramid tibre
laminates) was much superior to that of monolithic 2024-T3 Alclad.

{3) Under constant amplitude and manoeuvre spectrum (FALSTAFF) loading the tatigue performance ot
7475-T761 clad specimens was equivalent to, or better than that of 707¢ [7h, 2024-T3 Alclad 1ind
7075-T6 specimens.

(4) An interfay sealant was beneficial to the fatigue lives of 7475-T761 clad specimens tested under
constant amplitude loading at a lower stress ievel and FALSTAFF at a higher stress level, but
not for FALSTAFF at a lower stress level.

(5) The water displacing corrosiun preventive compound AMLGUARD was pot beneficial to fatigue lives.

(6) Environmental effects were mainly due to changing the fatigue environment from air to salt
spray: pre~-exposure had no significant effect except for 7075-T6 specimens fatigued in air .nder
constant amplitude loading.

(7) 1t may be concluded that AMLGUARD's ineffectiveness in prolonging fatigue life can he associated
with the lack of effect of pre-exposure on fatigue lives. It should be noted that AMLGUARD was
developed specifically for combatting corrosion under static conditions, which it does very
effectively. The present results therefore show that extension of corrosion protection to
fatigue conditions will probably require a dynawmic inhibitor system capable of being delivered
to growing cracks.

(8) 7475-T761 clad specimens in cowmbination with the F-l6 corrosion protecrion system were more
resistant to environmental fatigue effects than other combinations of materials and corrosion
protection systems.

(9) Higher stress levels, pre-exposure and/or changing the fatigue environment from air to salt
spray promoted fatigue crack initlation in the bores and at bore/faying surface corners »f the
fastener holes and reduced the number of failures at the faving surfaces.

(10) Lower stress levels and the absence of corrosion or corrosion fatigue favoured f{atigue crack
initiation at the faying surfaces. Thus there were fewer failures in the bores and at bore/
faying surface corners of the fastener holes.
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TABLE 7.2: FATIGUE LIFE AND PRIMARY FATIGUE ORIGIN DATA FOR THE NLR AND LRTH CONTRIBUTION TO FACT
T
FATIGUE LIFE TO FAILURE (CYCLES OR FLIGHTS, AND LOG MEAX VALUES) /LUCATIONS OF PRIMARY FATICUE CRIGINS
MATERIALS AND FATIGUE
CoRROSION PROTECTION|  1oaD  |CHARACTERISTIC AMLGUARD cont + pre-exposure » |AILCVARD coat ¢
SYSTEMS NISTORY STRESS LEVEL [ o\ 0\ o [pre-oxposure o [PEF00 CORE " | facigue tn sale {520 = MPOT00C 0 |pre-exposure ¢
s T |tatigue tn atr [RES *XPO spray & fatigue in salt
fatigue in alr spray spray
221,285 S 101,039 R 98.577 Q 98,648 F 73.948 %
constant 138,735 G 22,132 s E 73395 F 118,667 S
amplitude, = l44 MPa E G 66,795 E 74,985 E
R=0.1 x F.R c 61,261 F 86,745 F
75.71¢ 107351 73777 26.299
9,65 & qQ 16722 g 5,656 E 5.65 E ©.856 Q.F
2024-T3 Alclad. 9.656 3 6.859 € 5.656 E 5.656 F 9.656 £
uith F-28 protection Spe = 101 HPa 7.531 Q E 5,656 E 5,656 E 5.65 Z 5.656 E
system » Q q 5,656 E 5.656 R 6,682 E
5,889 5.656 $.6%6 T.072
HINITVIST
36,85 G 31,656 F F.G 17.656 F 15.068 R 14,85 F
38,856 G 14.8% R ¢ 37,656 25.378 R 8.106 F.E
Su¢ = 89 HPa 35,840 G 38,850 R < 30,415 £.Q 13,656 F 15.709 R
@ 58,856 R G 26.85% E 26.9% G (0.8% F
6,478 32.699 27,146 19.366 9N
> 250,000 ~ > 250,000 - 136,371 - 97,510 -
:‘:’i‘c‘t’::: :V;’f“ HINITWIST S, = 101 wPa [ > 250,000 ~ [ > 230,000 ~ 226.682 - 158,501 -
d > 750.000 > 750.000 174,526 128,181
38,701 s 3162 R ® 16,308 F 20,767 ¢
constant 48,746 G5 31,12 s < 15,38 F 16 349 ®
amplitude, [S_ = 144 P2 39,428 € 28,017 R s 20,896 R 15,115 R
R-01 max 38,165 § 1 4 12,115 F
L1047 T6.631 15.766
4372 s R ¢ 2,831 R.G 2,824 F
3,972 s R G 1,680 F ?.480 R
7075.T6 with NF-5 S = 289 MPa 6,231 G 3 G 3172 R 2,372 R
protection system max 6,231 © R c 2.831 R ? R
5.096 2,556 Z.
FALSTAFF
5,171 G F s 6.759 R 6.172 F
10,572 ¢ c s 4558 F 3911 F
s = 238 HPs 9,373 s N G 6,031 F 6,431 F
aax 50 N G 5.999 F 4,031 F
3,651 5.778 5,002
192,301 ¢ 125,117 ¢ w196 C
conseant 141963 ¢ 168,761 G 13.268 G
amplitude, s = lu& MPa 147,262 G 271,473 G 188,244 G
R-01 aax 152,206 G 108,130 G 262 870 8.
157,498 157,780 175,241
7.972 11.529 G 2.826 F
s oz 3 S
cealant Spax = 189 MPa 8,631 E,C «an F 1,924 E.F
6.8 F 10,972 G 3.972 QR
©.828 8,673 7.950
FALSTAFF
17.480 G,§ 16.372 G 16,501 G
17680 § 15,316 G 17392 ¢
Spax — 238 HPa) 16,972 © 24,372 G 20,796 G
7473-T781 2 31 s 15.%38 S 18,480 ¢
clad, with 18716 1755 18,752
F-16
protection 642,310 S ¢ 236,720 B §
syscen constant G 292.367 8§
amplitude, 5 = la4 MPa G . 407,376 B §
R=-0.1 max s e 116,866 G o
z.7e
s 5426 F
i s 289 WP 200 ¢ PRt
- a . .
sealant max 13 ian 65 .
9,747
FALSTAFF
G G .
¢ G
Spax = 238 MPa G s
G .
EATIGUE SPECIMEN

* KEY TO LOCATIONS
OF FATIGUE ORIGINS

N AN

MALF PLATE

- Fracture surfaces not svailable

+ These failures were remote from the fastener holes and close to the cross-section at

were not initiated by corrosion pits from pre-exposure

* This failure occurred at a corner Just beyond where the half plate ended

which the half plate ended
These fallures vere just below the fastener holes and originated from paint cracking during the Fatigue tests, i o

they
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32 mm 2024-T3 ALCLAD
| -1 | _
AND 0.8 mm 2024-T3 ] l 107516 L 7475-T761 CLAD _]

SULPHURIC ACID 0 ACID ANODISED
I CHROMIC ACID ANODISED J [ AND HOT WATER SEALED I L AND HOT WATER SEALED ]
APPLICATION OF CHROMATE APPLICATION OF CHROMATE
CONTAINING CORROSION INHIBITING CONTAINING CORROSION INHIBITING
EPOXY PHENOLIC ADHESIVE EPOXY POLYAMIDE PAINT
BONDING PRIMER BR127 PRIMER §16/76
2024-T3 ALCLAD: ASSEMBLY OF 3.2 mm THICK
AGHESIVE BONDING CURING ARALL SHEETS FOLLOWED BY
CYCLE (SEALS ANDDISED LAYER) | | ADHESIVE BONDING
{SEALS ANODISED LAYER ALSO)

r
[ reestramass ]

| Hi-Lok FASTENER HOLES ORILLED AND COUNTERSUNK TD FINAL DIMENSIONS ]
2023-T3 ALCLAD, ARALL,7075-T6 TWO FIFTHS OF THE 7475-T761 CLAD
AND THREE FIFTHS OF THE DOGBONES AND HALF PLATES:
7475-T7161 CLAD DOGBONES AND APPLICATION OF POLYSULPHIDE
HALF PLATES INTERFAY SEALANT
[ Hi-Lok INSTALLATION AND ASSEMBLY OF FATIGUE SPECIMEN DOGBONES AND HALF PLATES ‘
2024-T3 ALCLAD, ARALL 74757761 CLAD ASSEMBLIES:
AND 7075-T6 ASSEMBLIES OVERLAY OF PRIMER §15/76

hPPlchTION OF POLYURETHANE TOPCOATS]

Fig. 7.1 Schematic of the application of corrosion protection systems and specimen assembly
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Fig. 7.2 Survey of statistical methods for analysing the NLR and LRTH data for FACT
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TEST SCHEDULES CONSTANT AMPLITUDE, R = 0.1: S, =144 MPa
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pre-exposure + fatigue in air
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AMLGUARD coat + > ——— KEY TO SYMBOLS
pre-exposure + fatigue in air ® 7075-T76 WITH U.S. NAVY
PROTECTION SYSTEM
{CFCTP CORE PROGRAMME)
ique in sal - O 2024-T3 ALCLAD,WITH F-28
fatigue in salt spray > PROTECTION SYSTEM
A 7075-T6 WITH NF-§
- PROTECTION SYSTEM
pre-exposure + fatigue in salt spray [ 7475-T76% CLAD, WITH F-16
o PROTECTION SYSTEM
EXCLUDING INTERFAY SEALANT
1475-T761 CLAD, WITH F-16
AMLGUARD coat + —O— PROTECTION SYSTEM
pre-exposure + fatigue in salt spray, INCLUDING INTERFAY SEALANT
1 1 ) N | L o aad I S G
{ 10,600 100,000 1,000,000 10,060,000
CYCLES 7O FAILURE
H Fig. 7.3 Comparison of NLR FACT contributior and CFCTP core programme (e) constant amplitude fatigue life

data. The CFCTP core programme data exclude specimens redrilled to press fit dimensions and
specimens with corrodea fracture surfaces after pre-exposure + fatigue in air. The shaded bar
shows that the data fall into three groups with significant differences In fatigue life (see text)

TEST SCHEDULES MINITWIST
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Fig. 7.4 NLR and LRTH fatigue life data for 2024-T3 Alclad and ARALL with an F-28 corrosion protection
system and tested under gust spectrum loading (MINITWIST)
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Fig. 7.5 NLR fatigue life data for testing under manceuvre spectrum loading (FALSTAFF). The shaded bar

indicates 7475-T761 clad specimens tested with smax

= 238 MPa
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Fig. 7.7 Effects of stress and environment on locations of primary origins for monolithic 2024-T3 Alclad
specimens tested as part of the NLR and LRTH MINITWIST fatigue contribution to FACT

FATIGUE IN AIR WITH OR WITHOUT 707576 WITH NF §
I Smax =289 MPa ( | AMLGUARD COATING AND [ TenoTecTion sysTem
PRE-EXPOSURE 7475-T161 CLAD, WITH F1§
S -2 MR PRE-EXPOSURE + FATIGUE IN PROTECTION SYSTEM
mon = SALT SPRAY WITH OR WITHOUT [ 74757761 CLAD. WITHF.16 PROTEC
| AMLGUARD COATING TION SYSTEM AND INTERFAY SEALANT]
1001 E E it E S 4 F j z 1
“»
80+ 4 F E
%PRIMARY —
FATIGUE )
ORIGINS —
60 1k 1t
of i Il
20 4 F 4t
0 i

Fig. 7.8 Effects of stress, environment and material on locations of primary fatigue origins for the NLR
FALSTAFF fatigue contribution to FACT
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8. THE IABG CONTRIBUTION TO THE FACT PROGRAMME
W. Schiitz and W. Oberparleiter, lndustrieanlagen - Betriebsgesellschatft 1ABG, Ottobrunn, Germany
8.1 Introduction

The IABG contribution to FACT compared the fatigue and corrosion fatigue properties of 7475-T761 clud
and 7075~T6 aluminium alloy sheet under the realistic manoeuvre load history FALSTAFF (references l, 2).
To try and place the results in a broader context it was arranged that the 7075-T6 material came from a
common batch purchased by the NLR and supplied alsu to the NDRE and RAE, and the 7475-T76! clad material
was shared with the NLR, see table 1.1 of the introduction to this part ot the report.

8.2 The Test Programme

An overview of the test programme is given in table 8.1. All specimens were of the 13 dogbone
configuration discussed in detail in reference (3) and recommended for the FACT programme. Note that some
tests on 7075-T76 specimens from the same batch as the CFCTP core programme specimens were included. In
all cases cadmium plated steel Hi-Lok fasteners were used. The diameter of the holes for the fasteners was
6.306 * 0.044 mm, which corresponds te a slight press fit, see tigure 1.1 of the introduction to this part
of the report.

8.2.1 Materials and properties

The materials were 3.2 mm thick sheets of aluminium alloys 7075-T76 (CFCTP core programme matverialys,
7475-T76! clad and 7075-T6. Engineering propcrty data were as follows:

MATERLALS 0.2 Z Y'FELDL STRESS (MPa) UTS (MPa) ELCNGATIUN (7))
479 (max) 550 (max)

7075-T76 1t.n
455 (min) 541 (min)

7475-T761 clad 422 498 12.6

7075-To 56417 582 .2

8.2.2 Protection systems and specimen assembly

The 7075-T76 specimens had the same L.S, Navy paint scheme us in the CFUTP core programme, see
reference (3) and Part 11 of this report. The 7475-T761 and 7075-T6 specimens were manufactured, paintcd
and assembled by Messerschmitt-BSlkow-Blohm MBB in Augsburg, according to the following procedure:

@ specimen parts machined, drilled and degreased

® chromate conversion coating "Alodine 1.00" on all surfaces

e inhibited epoxy polyamide primer on all surfaces except fastener hules

e application of chromate-containing sealant "Celloseal” to faving surfaces and fastener holes
e Hi-lok installation and wet assembly of fatigue specimen dogbones and half plates

® application of polyurethane topevat.

The protection system applied by MBB was representative for the European Multi Role Combat Aircrafe MRr AL
During wet assembly the sealant was forced through the fastener holes, but post-test examination showed
that the holes had remained coated with a layer of sealant.

8.2.3 Mechanical testing conditions (static prestressing and fatigue)

All stresses were defined in terms of the total cross-section (but excluding the cladding laver: on
7475-T761) of the fatigue specimen dogbone at the location of the centreline between the fasteners, i.c.
the fastener holes were included in the cross-sectional area.

Before environmental exposure and fatigue testing all specimens were prestressed at 209 ¢ 10 K by
applying two load cycles up to 238 MPa. The procedure for this is discussed in reference (3). The purpose
of this low temperature prestressing was to ensure that the paint and primer layers were brittle and would
crack around the Hi-Lok fastener holes, thereby simulating service damage that enables corrosion and
corrusion fatigue to occur.

The characteristic fatigue stress levels for the test programme have been indicated already in table
8.1. These stress levels were obtained from the pilot tests described in section |.4 of this part oi the
report. The fatigue load history was the manceuvre spectrum FALSTAFF (references 1, 2). A short descript-
fon of this spectrum is given in section 1.3 of this part of the report.

Detailed procedures for fatigue testing are given in reference (3). All tests were done using a 64 kN
load frame fitted to a SCHENCK electrohydraulic macnine. The closed loop system was controlled by a
SCHENCK GA-16/440 digital contrel computer. The generated load sequence was checked for each specimen tvpe
(7075-T76, 7475-T76l and 7075-T6) by classifying and comparing the actual and specified peak stresses for
one complete block of 200 flights. Agreement between the actual and specified peak stresses was good.
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#.2.4 Environmental conditions (pre-~exposure, fatigue and corrosion fatigue)

Specimens scheduled ror static exposure to an agyressive environment before fatigue testing were
sealed 4t the faying surface side edges and Hi-Lok collars to prevent corrosion except in the fastencr
head areas. The sealant used was a silicone type and no. Permagum as recommended in reference (3).
The procedure for static pre-exposure is described in detail in rveference (3). Most specimeny were
immersed fur the recommended time of 72 hours in 5 % aqueous NaCl acidified by a predetermined amount
of S0, gas and maintained at 315 t 2 K. However, for comparison purposes some specimens were pre- exposed
tor multiples (3X, 4X and 5X) of 72 hours. The cleaning procedure after pre exposure followed the
unamended procedure in section 7.4 of Part 1| of reference (3).

For fatigue testing all specimens were electrically insulated from the loading grips and bolts by
polymeric liners and bushings. Specimens to be fatigued in salt spray were also sealed at the fayiog
surface side »dges and Hi-Lok collars. The fatigue environments were laboratory air and 5 Z aqueous NaCl
salt spray acidifled with HZSOL to pH 4, both at a numinal temperature of 295 K. The salt spray tests were

dope in a specially constructed cabinet, fully described in reference (3). The uwominal cycle frequencies
tor fatigue testing with FALSTAFF were 15 Hz in air and 2 Hz io salt spray.

8.3 Results

The complete set of fatigue life and primary fatigue origin data for the [ABG contribuytion to FACT is
given in table 8.2. The way in which the test programme was set up and the results had consequences for
the statistical methods used to analyse the data. This wili be discussed in section 8.3.1.

The fatigue life results are presented and statistically analysed in section B.3%.2. This is followed
by presentation and statistical snalysis of the primary fatigue origin data in section ¥.3.3.

8.3.1 Statiscical methods for analysing the data

A survey of the statistical methods for analysing the IABG data is given in figure b.1. Owing to the
limited number and unequal sample sizes of the fatigue life data it had to be assumed that they at leist
approximated t- random samples from log~normally distributed populations with equal variance. Unequal
sample sizes a. -~ meant that modified versions of the least sign.ficant difference test and Duncan's new
multiple range test had to be used for "fine tuning" the analysis of variance results. More details of the
statistical methods are given in Appendix I[I1.

8.3.2 Fatigue life data

The fatigue life data are shown in figure 8.2. In a general wo. these data indicate that stress level
and envizonment had significant effects on fatigue lives (note that extended pre-exposures are consid red
vquivalent). With regard to materials the only obvious differences were at Smax = 289 MPa, namely the

shorter fatigue lives of 7075-T76 specimens compared to the 7475-T761 and 7075-T6 specimens.

The results of three-way analysis of variasnce of the dita are summarised in table 8.3. According to
rhe analysis the main variables of stress level, envirorment and material and their two-way interactions
all had significant effects on the fatigue lives of the specimens. Since there were only two stress levels
it is cbvious that the sigpificant difference is between them. Thus it was not necessary to "fine tune”
this result using the least significant difference test. Also, owing to the dominating effect of stress
level (compare the F  and F distribution values in table 8.3) it was not worthwhile using the least
significant differenc® test to compare environments and materials without iutroducing stress levels. In
other words {t wds better to proceed direcrly to the twi-way interactions, which will be discussed in the
tellowing order:

® etiect of stress jevel per environment (fatigue testing schedule) and material

e vtfect of envirunment at each stress level

eftect of material at each stress level

® vtlect of environment per material

"

materisl per environment.

v importance of stress was confirmed in detail by using the least significant difference test to
the wttect of stress level c¢n fatigue life per environment and material. The results are given in
cw. I every case the effect of stress level was significant, as would be expected.

Least significant difference test results for the effects of eavironment and material at each stress
level are summavised in tables 8.5 and 8.6, Significant environmental effects were fourd for both stress
tevels, but apart from this these was no general trend. Significant differences between materials uccurred
iy at the higher stress level and were the result of shorter fatigue lives of 7U75-T76 specimens
compared to the 7475-T761 and 7075-Té specimens.

Fur completeness t.. 'east significant difference test results concerning environment : material
interdctions are listed in table 8.7. There is a problem with interpreting these interactions. No
disttnction could be made hetween stress levels, since three-way interactions were not found significant
by dnalysis of variance, sve table 8.3. To Include the effect of stress the data had to be analysed using
buncan's new multiple range test. The results are given in tables 8.8 and 8.9 and compared in table 8.10
with the least significant difference test results for environment : material interactions, There were
severai discrepancies, shown shaded, between the test indications. In all cases the discrepancies could 'e
attributed to the importance of taking stress level into account. In other words, only the results from
Duncan's test should be considered. These may be described as follows:
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(1) Uigniticant enviruvnmental effects were found for each material .ut there was nc overall trend.

(2) For 7475-T761 and 7075-T76 the signiticant environmental effects were confined tu fatigue with

5 = 289 MPa.
max

Extended pre-exposure generally had nuv additional effect on fatigue life. An explanation of the
one case for which extended pre-exposure was significant (7075-T6 fatigued with § ax © 238 MPa)
is provided by the primary fatigue origin data in tab.- 8.2. Extended pre-exposure sometimes
resulted in enhanced corraosion attack at specimen courners i1emote from fastener holes. For 7075-T6
specimens fatigued at the lower stress level this corrosion was sufficiently severe to cause
early initiation of fatigue cracking, 3t the higher stress level fatigue crack .nitiatiuvn was
determined mainly by the stress concentrating effect of the fastener holes.

3

(4

Significant differences between materials occurred for fatigue with Smax = 289 MPa and for each

environment in which all three materials wer. tested, As stated previcusly, these differences
were due to shorter fatigue lives of 7075-T76 specimens compared to 7475-T761 and 7075-Th
specimens.

b.3.3 Primary fatigue origin data

The primary fatigue origin data were analysed using the (* test of independence and the results are
summarised in table 8.11. All three main variatles of stress level, environment (fatigue testing schedule)
and material had significant effects d>n the locations .f priwm-vy fatigue origins, as follows:

{l} For § ax, - 289 MPa most failures initiated in the bores (E/Q) and at the bore/faying surface
cornef8 (F/R) of the fastener holes in the specimens. For Sna‘ = 238 MPa most failures initiasted
at the (G/S) faying surface locations, 3

(2) With or without pre-expesure the change from fatigue in air to tatigue in sali spray reduced the
rumber of faving surface (G/$) failures. Pre-exposure and/or fatigue in salt spray promoted
{ailures at the bore/faying surface corners (F/R) of the fastener holes and also promoted
failures at specimen corners remote from the fastener holes.

(J) For 7075-T7% specimens there were relatively more failures in the bores (F/Q) and at the bore/
taying surface corners (F/R) of the fas.ener holes. For 7475-T761 and 7075-T6 specimens & number
of tailures occurred remote from the fastener holes. This was not observed for the 7075-T76
specimens either in this investigation or in the CFCTP core programme (see toble 2 in Part IT of
this repore).

8.4 Discussion

This investigation has shown that 7475-T7ol and 7U75-Th specimens assembled using the MRCA protection
system have equivalent fatigue and corrosicn fatigue properties when tested with a realistic load history
{FALSTAFF). un cthe other hand, 7075-T76 CFCTP cure programme-type specimens had significantly shorter
lives at Smdx = 289 MPa byt not at Smax = 238 Mpa.

The reason for this difference is not obvious, However, the primary fatigue origin data provide a
clue. For the 7075-T76 specimens tested 3t Smax = 289 MPa there were relatively more failures in rhe hores

and at the bore/faving surface corners of the fastener holes. in the CFCTP core programme it was found
that these failure locatiuns tended to result in shorter fatigue lives than other “ocations, see section
3.4 of Part 11 of this report,

he question now arises as tu why there were relatively more tailures in the bores and at the bore/
faying surface corners of Line fastener holes in the 7075-T76 specimens tested at § = 289 MPa. lt is our
max

opinion that the use of Celloseal sealant in assembling the 7475-T76l and 7075-T6 specimens was
responsible. In other words, Celloseal prevented or postponed failur- ivnitiation at the characteristic
shorter life locations and enabled the 7475-7761 and 7075-Th specinens to reach significantly longer
fatigue lives ihan the 7U73-T76 specimens.

8.5 Conclusicns

(1) 7-.75-1T761 and 7075-Tb specimens assembled using the MiCA protection s --rem had equivalent fatigue
«.d corrosion fatiguc properties under FALSTAFF lcading. 7075-T76 CFC ® core programme-type
specimens were significantly inferior at the higher stress ievel (Sma = 289 MPa) bvt eonivalent
at the lower stress level (S = 238 MPa). *

max
() Wet assembly with Celloseal sealant can be beneficial to fatigue and corrosion fatigue life.
13) Stress level had a predominant effect on tatigue life.

(4) Significant envirvnmental effects occurred at both stress levels, but there was no overall trend.

(5) Fxtending the pre-exposure periovd to multiples of the specified 72 hours generally had no
additional effect un fatigue life.

(6) All three main variables of stress ievel, environment, and mate. 11 + protection system
combinations had significant effects oun the locations of primary fatigue origins. Celluseal
prevented or postpened failure initiation at locations which are characteristically associated
with shorter fatigue iives.




.6

127

References

“bescription of a Fighter Aircraft Loading $TAndard For Fatigue evaluation”, Combined Report of the
F + W, LBF, NLR and IABG, March 1976.

J.B. de Jonge, "Additional information about FALSTAFF", NLR Technical Report TR 79056 U, June 1979.

R.J.H. Wanhill and J.J. De Luccia, "An AGARD-coordinated corrosfon fatigue cooperative testing
programme’, AGARD Report No. 695, February 1982.




.

g
s
;
]

128

TABLE 8.1: OVERVIEW OF THE L[ABC IEST PROCRAMME FOR FACT

MATERIALS

SPECIMEN

PROTECTION SYSTEMS

PROTECTION SYSTEM
DAMAGE

FATIGUE LOADING

FATIGUL ENVIRONMENTS

STATIC PRE-EXPOSURE

TEST PROGRAMME

STATISTICAL ANALYSIS

3.2 mm thick 7075-T76 (CFCTP core programme material), 7475-T761
clad and 7075-T6 aluminium alloy sheets

PRESS FIT Hi-Lok FASTENERS

300mm___

S

7075-T76 : chromate conversion + inhibited epoxy polvamide primer
(except fastener holes) + aliphatic polvurethane topcoat

32mm

7475-T761 and: chromate conversion + iphibited epoxv polvamide primer
7075-T6 (except fastener holes) + celloseal in fastener holes
and at faying surfaces + polvurethane topcoa

two stress cycles at low temperature to crack
paint and primer around the fastener heads

FALSTAFF
laboratory air; 5 % aqueous NaCl salt sprav with ph =

multiples of 72 hours in 5 ¢ aqueous NaCl + SO, a0 3195 K

SCHEDULES CHARACTERISTIC| 7475-T/61 J005-Th OTH-Th
STRESS LEVE]

S = 289 MPa

fatigue in air pax
=2 MPs
nax 38 MPa ®
N =~ 289 MPa
Pre-exposure + max
fatigue in air - 238 MPa
max

fatigue in s - 289 MPa

salt spray max
pre-exposure + S - 289 MPa [ ]
. max
fatigue in
salt spray Smax - 238 MPa [ ]
extended pre- Smax = 283 MPa ®
exposure + fatigue
in salt spray S = 238 MPa
max

fatigue lives and primary fatigue origins
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9. THE RAE CONTRIBUTION TO THE FACT PROGRAMME

R.M.J. Kemp, Royal ircraft Establishment RAE, Materials and Structures Department, Farnborough,
United Kingdom

9.1 Introduction

The high strength AlZnMgCuZr alloy 7010 has been developed for aerospace structural applications with
the aim of combining high strength with resistance to corrosion and stress corrosion. The RAE contribution
to the FACT programme concentrated on the fatigue and corrosion fatigue properties (fatigue strength and
crack growth resistance) of 7010 in the T7651 and T745! tempers,

In addition, the effectiveness of chromate-containing and non-chromate-containing primers in
mitigating corroston fatigue was compared using 1) dogbone specimens of 7075-Té aluminium alloy sheet.

This material came from the same batch tested by the NDRE, NLR and IABG, see table !.l of the introduction
to this part of the report.

9.2 The Test Programmes
An overview of the test programmes is given in table 9.1, There were three test programmes to compare
e fatlgue and corrosion fatigue strengths of 7010-T765] and 7010-T7451

e fatigue and corrosion fatigue crack growth resistances of 7010-T7651, 7010-T7451, 7475-T7351 and
7050-T7451

corrosion fatigue resistance of 7075-T6 with protection systems including chromate~containing and
non-chromate-containing primers.

9.2.1 Materials and properties

Engineering property data for all the materials were as follows:

MATERIALS 0.2 7 YIELD STRESS (MPa) UTS (MPa) FLONGATION (2Z)
472 (L) 536 (L) 13.3 (L)
17651 488 (T) 548 (T) 11.8 (T)
25 mm thick 7010 plate
413 (L) 49l (L) 14.0 (L)
7451 425 (1) 505 (T) 13.0 (1)
) 451 (L) 519 (L) 11.0 (L)
25 mm thick 7475-T7351 plate 429 (5 s (5 1270 (1)
488 (L) 548 (L) 10.5 (L)
40 mm thick 7050-T7451 plate ‘86 (1) e 120
3.2 m chick 7075-T6 sheet 547 582 11.2

Note that the two heat treatment conditions of 7010 were from the same plate.

9.2.2 Specimen configurations
The specimen configuration for the fatigue strength test programme {s shown in figure 9.1. This

specimen has a stress concentration factor K = 2.52. The burrs around the drilled holes were removed by
gentle abrasion. Note that the specimen long axis is normal to the plate rolling direction.

The specimen configuration for the fatigue crack growth resistance test programme is shown in figure

9.2. The specimens were machined from the centre sections of the plates and with the long axis normal to
the plate rolling direction.

The specimens for comparing chromate-containing and non-chromate-containing primers were of the
1} dogbone configuration discussed in detail in reference (1) and recommended for the FACT programme.
Cadmium plated steel Hi-Lok fasteners were used. The diameter of the holes for the fasteners was

6.248 £ 0.0127 mm, which corresponds to an interference fit, see figure 1.1 of the introduction to this
part of the report.

9.2.3 1} dogbone protection systems and specimen assembly

The 7075-T6 1} dogbone specimens were ori
following procedure:

ginally manufactured, painted and assembled according to the
# specimen parts machined

e chromic acid anodising and hot water sealing of all surfaces

application of chromate-containing or non-chromate-containing epoxy primer on all surfaces

e fastener holes drilled

e application of polysulphide sealant to faying surfaces




e Hi-Lok installation and wet assembly of fatigue specimen dogbones and half plates
e appiication of acrylic topcoat.

During the test programme it became evident that the protection system with non-chr- .ate-containing
primer was insufficiently resistant to static pre-exposure. Drastic decohesion of the topcoat + primer
indicated faulty application of the primer. Therefore some specimens were reprocessed according to Royal
air Force (RAF) practice as follows:

¢ solvent or chemical stripping, without disassembly, down to the anodised layers oo exterier
surfaces

® re-application of chromatz-containing or non-chromate-containing epoxy primer on exterior surfices

e application of polyurethane topcoat.

Finally, it should be noted that although in the original processing the polysulphide sealant was
applied intentionslly only to faying surfaces, post-test examination showed traces of sealant in the
fastever holes of both dogbunes and half plates.

9.2.4 Mechanical testing conditions (static prestressing and fatigue)

All stresses were defined in terms of loads on the total cross-sections of the specimens in the gauye
length. This means that the central holes and notches in the fatigue stremgth and crack growth resistance
specimens and the fastener holes in the doghone specimens were included in the cruss-sectiunal area.

Before environmental exposure and fatigue tesring all 1} dogbone specimens were prestressed at
209 ¢ 5 K by applying two load cycles up to 215 MPa. The procedure for this is d.scussed in reference (1).
The purpose of this low tewperature prestressing was to ensure that the paint and primer lavers were
brittle and would crack around the Hi-Lok fastener holes, thereby simul..ting service damage that enables
corrosion and corrosion fatigue to occur.

1 All fatigue Lests were done using an INSTRON 1342 eiectrohydraulic machine. The fatigue load

histories were constant amplitude sinusoidal loading with 3 stress ratio R = Smin/smax of U.1 and the

manveuvre spectrum FALSTAFF (references 2, 3). A short description of this spectrum is given in section
1.2 of this part of the report.

Details of the fatigue testing conditions are as follows:

(1) Fatigue strength tests were carried out over a range of stress levels at a nominal cyele
frequency of 15 Hz for both constant amplitude and FALSTAFF loading.

(2) Fatigue crack growth resistance tests were done at similar load levels for coustant amplitude
loading and at a constant gross section Smax of 75 MPa for FALSTAFF loading. As shown in table

9.1, the cycle frequencies were 10 Hz and | Hz for constant amplitude loading and 10 Hz for
FALSTAFF loading. Crack growth was monitored using a 2-wire pulsed direct current potential drop
method. The current and voltage leads were taken out of the salt sprav chamber via a sealed
porthole as shown in figure 9.3. A wicrocomputer was used for data storage and anaivsis.

¢3) The 1} dogbone specimen fatigue tests were done with constant amplitude loading at an Smd“ ot

210 MPa and cycle frequencies of 2 Hz in air and 0.5 Hz in salt spray. These testing conditions
were based on those of the CFCTP core programme.

9.2.5 Environmental conditions (pre-exposure, fatigue and corrosion fatigue)

1} dogbone specimens scheduled for static expusure to an aggressive environment befure fatigue
testing were sealed at the faying surface side edges and Hi-Lok collars to try and prevent corrvsion
except in the fastenmer head areas. The procedure for static pre-exposure is described in detail in
reierence (l). The specimens were immersed for 72 hours in 5 % aqueous NaCl acidified by a predetermined
amount of SO, gas and maintained at 315 £ 2 K. The cleaning procedure after pre-exposure followed the
amendment in section 4.4 of Part 2 of refe  »nce (1).

For fatigue testing the fatigue strength specimens were sedled off from the environment at the
clamping area, while the crack growth resistance and 1} dogbone specimens were electrically insulated fror
the loading grips and bolts by polymeric liners and bushings. 1} dogbone specimens to be fatigued in salt
spray were also sealed at the faying surface side edges and Hi-Lok collars. The fatigue environments were
laboratory air (relative humidity ~ 50 %) and salt spray, both at a nominal temperature of 295 K.
Depending on the test programme, the salt spray environment had different compositions and acidity. as
y shown in table 9.1 and listed here also:

SALT SPRAY PARAMFTERS
FATIGUE TEST PROGRAMME

weight % NaCl pH

(1) fatigue gtrength 3.5 7
(2) fatigue crack growth resistance S 4,
(3) effect of chromate in primers 5 4

The salt spray tests were done in a specialiy coonstructed cabinet illustrated in figure 9.3. A
description of the cabinet, except for the sealed porthole for the crack growth monitoring leads, is given
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in reference (1),

The nominal cycle irequen:fes for each combination of fatigue load history and environment and tur
each test programme dare given in table 9.1 and listed nere also:

NOMINAL CYCLE FREQUENCY
FATIGUE TEST PROGRAMME FATLIGUE LOAD HISTORY fatigue in salt spray
fatigue in air
pH 4 1 pH 7
1) fati . th constant amplitude, K = 0.] 15 Hz 1 15 Hz
(1) fatigue streng FALSTAFF 15 Hz | 15 Mz
1
(2) fati . X th sistanc constant amplitude, R = 0.1 10 Hz 10 Hz, 1 Hz i Hz
2) fatigue crack grow resistance FALSTAFF 10 Hz ) 10 Hz
,
(3) effect ot chromate in primers constant arplitude, kK = 0,1 2 Hz 0.5 Hz

$.2.6 Statistical methods for analysing the data

The way in which the test programmes were set up and the results had consequences for the statistical
methods used to analyse the data. A survey of the statistical methods is given in figure 9.4. Only the
notched fatigue strength data for FALSTAFF loading and the 13 dogbone fatigue life and primary fati-ue
origin data were readily amenable to statistical analysis. Nevertheless, owing to the limited number and
unequal sample sizes of the fatigu: strength and life data it had to be assumed that they at least
approximated to random samples from log-normally distributed populations with equal variance. Unequal
sample sizes also meant that modified versions of the least significant dlfference test and bLuncan's new
muleiple range test had to be used for "fine tuning” the analysis of variance results. More details of the
statistical methods are given in Appendix I1.

9.3 Results of the Fatigue Strengtin Test Programme

The complete set of fatigue life data for the RAE fatigue strength contribution te FACT is given in
table 9.2.

9.3.1 Counstant amplitude fatigue tests
The constant amplitude data are plotted in figure 9.5 and show the following:

e Fatigue in air: the high cycle notched fatigue strength of 7010-T7451
that of 7010-T7651. However, at higher stress levels 7010-~1765] was supe

s slightly greater than
r.

Fatigue in neutril (pH 7) salt spray: the high cycle notchea fatigue strengths were reduced to a
similar level less than half the fativcue strengths in air.

9.3.2 Manoeuvre spectrum (FALSTAFF) fatigue tests

The data for FALSTAFF loading are shown in figure 9.6. These data indiczte that stress level had a
significant effe-t or fatigue life and that 7010-T7651 was superior to 7010-17450 at higher stress levels,
as was the case fur constant amplitude loading. However, neutral salt spray apparently tad no significar
effect on the fatigue "ives. This is a remarkable result, especially for tests at lower stress levels, in
view of the relatively long testing times. tor example, 50,000 FALSTAFF flights require about 80 hours of
testing at 4 numinal cycle frequency of IS5 Hz.

The results of three-way analysis of variaice of the data are summarised in table 9.3. According to
the analysis the main variables of stress level, material and their two-way intetaciions had signiticant
effects on the fatigue lives of the specimens. Since there were only two materials it is obvious that the
significant difference is between them., Thus it was not necessary tu "fine tune” this result using the
least significant difference test.

The least siguificant difference test was used to "fine tune” the effect of stress level and the
stress : material interactions. The results are given in table 9.4. Changing the stress level
signiticantly altered the fatigue lives, as would be expected. At the two higher stress levels 7010-T7651
specimens had significantly longer fatigue lives than 7010-T7451 specimens.

The potential sources of variation not found to be significant by analysis of variance were:
e effect of environment
e effect of environment at each stress level
o effect of material In each environment
e effect of material per stress level and environment.
Because there were only two environments the lack of a significant difference between them did not require

further analy.ls. The remaining potcential sources of variation were

investigated using Duncan’s new
mult{ple range test. The results are listed in table 9,5 and show:
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(1) At each stress level the overall fatigue lives were unaftected by changing from fatigue in air
to fatigue in salt spray. However, {. one case there was a significant difference, namely for
TOEO-17651 teanted with Smwx = 25U MPa.

(.) The previously menticoned result tnét 7010-T7651 specimens had significantly longer fatigue lives
than 7010-T7-51 specimens at the two higher stress levels must be qualified. Significant
differences were found only for fatigue in alr at § = 310 MPa and fatigue in salt spray at

max
Smax = 250 MPa.

9.4 Resules of the Fatigue Crack Growth Resistance Test Programme
9.4.1 Constant amplitude fatigue crack growth tests

The conrrant amplitude fatigue crack growth data are shown in figures 9.7 and 9.8. Figure 9.7
compares the fatigue crack yrowth resistances of 7010-T7651, 7010-T7451, 7475-T7351 and 7050-T7451 plate
materials in air and acidified (pH 4) salt spray at a cycle frequency of 10 Hz. It is seen that

® in air the crack growth resistances ot 7010-T765], 7010-T7451 and 7475-T7351 were equivalent but
7050-T7451 had significantly higher crack growth rates

e acidified salt spray resulted in increased crack growth rates for 7010-T7651, 7010-T7451 and
7475-T7351 but not for 7050-T7451. The greatest sensitivity to changing the environment was shown
by T010-T7451.

Figure Y.8 shows the effects of changing the salt spray acidity and cycle frequency on the crack
growth resistances of 7010-T7651 and 7010-T7451, For 7010-T7451 these effects were regligible, but
701U-T7651 crack growth rates depended strongly on salt spray pH and cycle frequency. These results car be
explained partly by the generally higher sensitivity of 7010-T7451 to changing from fatigue in air to
Tatigue In salt sprar. i.e. there is a strong environmental effect even at a cycle frequency of 10U Hz.
However, it was unexpected that crack growth rates {n neutral salt spray would be higher than in acidified
salt spray.

9.4.2 Manoeuvre spectrum (FALSTAFF) fatigue crack growth tests

The FALSTAFF fatigue crack growth data are given in figure 9.9. 7010-T765] and 7010-T7451 were tested
in air and neutral salt spray at a nominal cycle frequency of 10 Hz. The results show

e no significant influence of the environment on crack growth
e similar crack growth rates and lives for 7G10-T7651 and 7010-T7451

e the occurrence of tensile crack jumping (static crack extension during peak loads) at half «crack
lengths beyond about 20 mm. This corresponds to Kmax z 22 MPa’m, which is significantly less than
the fracture toughnesses of the two tempers ’KIC in the appropriate T-L orientation was 31,9 znd
37.7 MPavm for 7010-T765! and 7010-T7451 respectively). Similar results have been reported and
explained in reference (4).

The lack of an effect of environment on crack growth cannot be explained solely as a cycle frequency
effect, since constant amplitude tests on 701"-T7451 at 10 Hz showed large differences in crack gruwth
rates for fatigue in air 4nd salt spray, see figure 9.8. Also, it is somewhat surprising that the
manoeuvre spectrum crack growth rates and lives of 70i0-T7651 and 7010-T745] were sivilar. Generally it is
found that within a class of materials the alloys and tempers with lower yield strengths (in this case
7010-T7451) exhibit more crack growth retardation following peak tensile lvads and hence lower overall
crack growth rates and longer lives.

9.5 Results of the Programme on the Effect of Chromate in Primers

The complete set of fatigue life and primary fatigue origin data for the RAE contributiun to FACT on
the effect of chromate in primers is given in table 4.6,

9.5.1 Fatigue life data

The fatiyue life data are plotted in figure 9.10 and indicate that environment (fatigue testing
schedule) had a sigrificant effect on life. Pre-exposure + fatigue in salt spray was especially
detrimental to specimens with non-chromate-containing primer + acrylic topcoat. As mentioned in section
Y.2.3. the problem with these specimens was attributed to faulty application of the primer leading to
drastic decohesion of the topcoat + primer during pre-exposure.

Ihe results of two-way analysis of variance of the data are summarised in table 9.7. According to the
analysis the main variables of eovironment and protection system had significant effects on the fatigue
lives of the specimens. These effects were "fine tuned” by the least significant difference test. The
results are given in table 9.8 and show that:

(1) Fatigue lives in afr and salt spray were equivalent. This unusual result agrees with the FALSTAFF
tests on unprotected notched specimens of 7010-T765t and 7010-T7451 (see section 9.3.2).

(2

Pre-exposure + fatigue in salt spray significantly reduced the fatigue lives.

(3) The combination of chromate primer + .crylic topcoat appeared to be better than the other
protection systems. There is a complication with this result: specimens with chromate primer +
pulyurethane topcoat were tested only by pre~exposure and fatigue in salt spray, so that a p@neral
comparison with specimens having other protection systems is not justified.
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A more detailed analysis of eovironment : protection system interactions had to be doune using
Duncan's new multiple range test. The results are summarised in table 9.9 and can be described as follows:

(4) Pre~exposure + fatigue in salt spray significantly reduced the fatigue lives of specimens with
acrylic topcoats whether or not the primers contained chromates.

(5) The only significant differences in fatigue lives per testing schedule occurred for pre-exposure
+ fatigue in salt spray and were due to the shorter lives of specimens with non-chromate-
containing primer + acrylic topcoat.

9.5.2 Primary fatigue origin data

The primary fatigue origin data were analysed using Yates' corrected x? test. The results are listed
in table 9.10. Only the protection system was found to have a significant effect on the lucations of
primary fatigue origins. Specimens with non~chromate-containing primers had relatively more failures in
the bores (E/Q) of the fastener holes and fewer failures at faying surface {(G/S) locations as compared to
specimens with chromate-containing primers.

9.6 Discussion

As shown in table 9.1, the present contribution to FACT consisted of three test programmes. The scope
is broad and therefore the topics for discussion will be addressed separately in sections 9.6.1 - 9.6.3.
These topics are:

e the effects of changing from fatigue in air to fatigue in salt spray

e cunparisons of materials with respect to fatigue and corrosion fatigue strengths, lives and erack
growth resistances

@ the effect of chromate in primers.
9.6.1 Fatigue in air/fatigue in salt spray

In general it is to be expected that changing the fatigue environment from air to salt spray or salt
water will result in lower fatigue streagths, shorter lives and higher crack growth rates, see for example
references (5, 6). In the present test programmes several exceptions to this general trend were found.
Table 9.1l reviews the comparisons of data for fatigue ip air and salt spray. The results may be described
as follows:

{1) High cycle notched fatigue strengths were significantly reduced by a salt spray environment.

{2) Fatigue lives of some specimens were unaffected by changing the environment from a’r to salt
spray. Lo particular, it is remarkable that under wanoceuvre spectrum (FALSTAFF) loading the
fatigue lives of unprotected notched specimens were unaffected up to 60,000 simulated flights,
corresponding to about 93 hours in the salt spray environment.

(3) For most of the materials tested, including 7010-T7651 and 7010-T7451, the constant amplitude
fatigue crack growth rates were significantly increased by changing the envirenment Yrom air to
salt spray. But at the same nominal cycle frequency the fatigue crack growth rates of 7010-T7651
and 7010-T7451 under FALSTAFF loading were virtually the same in air and salt spray.

These results demonstrate the importance of conducting environmental fatipue tests with realistic
load histories.

9.6.2 Comparisons of materials

The fatigue strength and life tests on 70L10-17651 and 7010-T7451 in air and salt spray showed that at
higher stress levels 70l10-T765! was generally superior and at lower stress levels the allovs were
equivalent. 7010~T765] was also equivalent or superios to 7010-T7451 in fatigue and corrosion fatigue
crack growth resistance at a cycle frequency of 10 Hz. However, from figure 9.8 it is seen that the
corrosion fatigue crack growth resistance of 7010-T7651 was strongly aftected by salt spray pH and cycle
frequency. Reducing the cycle frequency to | Hz caused J010~T7651 ru have higher crack growth rates than
7010-T7451 over a wide range of AK.

Thus it {s concluded that besides using realistic load histories (see section 9.6.!) it is important
to conduct environmental fatigue tests with realistic stress levels and cycle frequencies.

Constant amplitude fatigue and corrosion fatigue crack growth tests were carried out for 7475-T735l
and 7050~T7451 as well as 7010-T7651 and 7010-T7451 at a cycle frequency of 10 Hz. In air the crack growth
resistances of 7010-T7651, 7010-T7451 and 7475-T7351 were equivalent but 7050-T7451 had significantly
higher crack growth rates. Iln salt spray 7010-T765! was superior and 7010-T745! was the least resistant.
These latter results cannot be generalised because of the previously mantioned effects of salt spray pH
and cycle frequency.

9.6.3 Effect of chromate in primers

The results of this test programme indicate that the absence of chromate in properly applied primer
had no significant detrimental effect on the resistance to pre-exposure and/or fatigue in salt spray of
patnted 1} dogbone specimens containing interference it Hi-Loks. However there are some caveats. Owing to
the high constant amplitude fatigue stress level (Smax = 210 MPa) most specimens failed in the bores or at

bore/faying surface corners of the fastener holes where unprimed metal was present. Also the fatigue tests
in salt spray lasted less than l4 hours.
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It is possible that an effect of chromate in primers will be found for corrosion fatigue conditions
snder which faillures initiate in areas where primer is more or less continuously present and there Is
plenty of time for chromate to leach out into the corrodent. With respect to the 1} dogbone specimen the
results of the CFCTP core programme (reference 1) indicate that these conditions can be obtained by
lowering the constant amplitude fatigue stress level. Flight simulation loading should also be used, since
besides being more realistic it also gives much longer testing times, see for example table 9.11.

9.7 Conclusions
4 The present investigation consisted of three test programmes to compare

e fatigue and corrosion fatigue strengths of 7010-T7651 and 7010-T7451

fatigue and corrosion fatigue crack growth resistances of 7010-T7651, 7010-T7451, 7475-T7351 and
7050-T7451

corrosion fatigue resistance of 7075-T6 with protection systems including chromate-containing and
non-chromate-containing primers.

WPy
L]

Conclusions drawn from the results of each programme are given in sections 9.7.1 - 9.7.3. Some additional
and more general conclusions are given in section 9.7.4.

-

9.7.1 Conclusions for the fatigue strength programme

(1) 1In air the high cycle notched fatigue strength af 7010-T7431 was slightly greater than that of
7010-T7651. ’

re

(2) In salt spray the high cycle notched fatigue strengths of 7010-T7651 and 7010~.745) were reduced
to 3 similar level less than half the fatigue strengths in air.

(3) Under manoeuvre spectrum (FALSTAFF) loading in both air and salt spray the notched fatigue lives
of 7010-T7651 specimens were equivalent to or longer than those of 7010-T7451 specimens.

P (4) The notched fatigue lives of 7G10-T7651 and 7010-T7451 under FALSTAFF loading were unaffected by
changing the environment from air to salt apray.

9.7.2 Conclusions for the fatigue crack growth resistance programme

(5) 1In air the constant amplitude fatigue crack growth resistances of 7010-T7651, 7010-T7451 and
7475-T7351 were equivalent at a cycle frequency of 10 Hz. 7050-T745] had significantly higher
crack growth rates.

(6) Acidified salt spray increased the constant smplitude fatigue crack growth rates for 7010-T7651,
7010-T7451 and 7475-T7351, but not for 7050-T7451, at a cycle frequency of 10 Hz. The greatest
sensitivity to environmental change was shown by 7010~T7451.

(7) Changing the salt spray acidity from pH 4 to pH 7 and the cycle frequency from i0 Hz to | Hz had
p negligible effects on constant amplitude fatigue crack growth rates for 7010-T7451. However
7010-T7651 crack growth rates depended strongly on salt spray pH and cycle frequency.

(8) Under manoeuvre spectrum (FALSTAFF) loading the fatigue crack growth rates and lives of
§ 7010-T7651 and 7010-T7451 specimens were similar. Changing the envircnment from air to neutral
salt spray had no significant influence.

9.7.3 Conclusions for the programme on the effect of chromate in primers

(9) The absence of chromate in properly applied primer had no significant detrimental eftect on the
consgtant amplitude fatigue lives of painted )i dogbone specimens of 7075-Té6 subjected to pre-—
exposure and/or fatigue in salt spray. However, owing the the high stress level the testing
times were short and most specimens failed in the bores or at bore/faying surface corners of the

b fastener holes where unprimed metal was present.

(10) Fatigue lives fn air and salt spray were equivalent, but pre-exposure + farigue in salt spray
significantly reduced the fatigue lives of specimens with acrylic topcoats.

(11) Specimens with non-chromate-containing primers had relatively more failures in the bores of the
fastener holes and fewer failures at faying surface locations as compared to specimens with
chromate-contalning primers.

4 9.7.4 Additional conclusions

(12) The fatigue strength and life tests on 7010-T7651 and 7010-T7451 in air and salt spray at a
cycle frequency of 15 Hz showed that at higher stress levels 7010-T7651 was generally supertior
and at lower stress levels the alloys were equivalent. 7010-T765] was also equivalent or
superior to 7010-T7451 in fatigue and corrosion fatigue crack growth resistance at a cycle
frequency of 10 Hz. However, the results of changing cycle frequency and salt spray pH for crack
growth tests show that a conclusion as to the overall superiority of 7010~-T765i cannot be made.
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(13) Changing the fatigue environment from air to salt spray does not necessarily result ip shorter
fatigue lives and higher crack growth rates. Significant variables in this respect include the
type of test; fatigue load history and stress level; cycle frequency; environmental pH and
material response. Environmental fatigue tests should therefore be conducted with realistic load
histories, stress levels and cycle frequencies. (There still remains the difficult problem of
deciding what are the most realistic enviromnments.)

(l4) Further investigation of the effect of chromates ir primers should include flight simulation
fatigue tests on realistic specimens at stress levels that result in fatigue crack initiation in
areas where primer is more or less continuously present. The tests should be of sufficient
duration to allow time for chromate to leach out of chromate-containing primers into the
corrodent.
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TABLE 9.1

OVERVIEW OF THE RAE TEST PROGRAMMES FOR FACT

FATIGUE STRENGTH

28.mm DAMETER NEAWED NDLE

'““:;“L » 25 wa thick '010 sluainium slioy place
SP:CllNLN in the T7651 and T7451 tewpecs
FATIGUE LOADING o conscant amplitude. S, /S~ 0 1. FALSTAFF
FATIGUE ENVIRONMENTS o lsbaratory atr: 3 5 v aqueeus NaCl salt spray with pH /
SCHEDULES 1810, 77881 010-T 1481
TEST PROGRAMME . fatigue in alr [ ] [
fatigue in salc speay (3 ‘ [
STATISTICAL ANALYSIS o fatigue lives of specimens tested with FALSTAFF
FATIGUE CRACK
GROWTH RESISTANCE
25w ehich alwniniun altov plate in
<
”‘:;g’” o, TS and TRASL tempers, 25 mm thick 475103
l T ar thick M%)-Tr,
SPELIMES aluminiu aliov plate. a0 am thi 17051
siuminsun allov place
FATIGUE LOADING . constant amplitude =0 1. FALSTAFF
FATIGUE ENVIRONMENTS e laboratary air. 5 ¥ aqueous NaCl salt sprav with pH « and pit 7
[ FaTice “
SCHEDULES i LoAD o "
! RISTORY FREQUENCY
constant
iz
e
fatigue in alt anplie |
FALSTARF
TEST PROGRAMME .
constant “
fatigue tn salt sprav | amplitude VB
MATERTAL
AND . T2 me orhick '005.Te aluminiuam allov sheet -
SPECIMEN
PROTECTION SYSTEMS o chromic acld anodising (except fastener hales) + chromate of naom:chremars sonraluing spos p
fastener holes: + polvealphide seaiant o acrvite ur polyarethane toporat
PROTECTION SYSTEM DAMAGE o thwo stress rycles at low Temperatore to crack patnt and primer agei Fass et heats
FATIGHE WOADTNG o constans amplitade S - i M
FATIGUE ENVIRONNENTS ®  laboratery air & agueaus Nall salt <piav wirh ph s
STATIC PRE EAPUSM'RE . hors {n agnenns Natl e s ar s F
| s ]
SCHEDULES - — .
writs | e |
gt togrnat
TEST PHCOGRAMME . +
fatigne in aic ® H ! L4
Farlgue tn calt spros Y . Y .
Precexpasure o batigae tosalt sprav |l Mz ® [ ] [ ] ®
; .
STATTSTICAL ANALYSIS . fatigue bived and primacs tas e
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TABLE 9.2:

FATIGUE LIFE DATA FOR THE

RAE FATIGUE STRENGTH CONTRIBUTION TO FACT

MATERIAL HEAT FATIGUE CHARACTERISTIC FATIGUE LIFE TO FAILURE (CYCLES OR FLICHTS)
TREATMENT LOAD STRESS LEVEL
CONDITION HISTORY Smax(HPa) fatigue in air fatigue in salt spray*
250 14,035
200 44,850 24,329
175 71,837
150 171,266 130,782
constant 135 181,586
amplitude, 125 305,809
R=10.1 120 246,393
100 > 9,141,016 1,064,501
75 1,480,738
7010-T7651 50 6346 696
300 5,311 4,077
300 5,497 4,826
250 6,734 14,825
FALSTAFF 250 10,996 22,217
175 36,352 59,735
175 56,047 57,598
175 52,823
250 1,270
200 25,780 13,892
175 7,800 25,779
160 40,912 88,799
constant 150 83,220
amplitude, 140 96,849
R=0.1 125 >12,673,484 188,026
100 701,170
75 1,848 773
7010-T7451 50 4999 171
300 1,914 2,283
300 2,334 3,764
250 6,958 3,431
FALSTAFF 250 5,825 10,987
175 60,727 33,713
175 118,766 52,523
87 94,659

*
Neutral salt spray solution with pH 7
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Fig. 9.1

Notched specimen configuration for the RAE fatigue strength test programme
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9.2 Specimen configuration for the RAE fatigue crack growth resistance test programme
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10. THE NRC CONTRIBUTION TO THE FACT PROGRAMME
A. Baldantoni, ALCAN International, Kingston, Ontaric, Canada

W. Wallace and M.D. Raizenne, National A4eronautical Establishment, Structures and Materials
Laboratory, National Research Council, Ottawa, Canada

J.Y. Dickson, Ecole Polytechnique, Department of Metallurgical Engineering, University of Montreal,
Canada

10.1 Introduction

The NRC contribution to FACT was mainly a comparison of fatigue crack growth and corvosion fatigue
crack growth properties of 7075 aluminium alloy plate in the T651, T7351 and RRA (retrogression and reage)
conditions. Stress corrosion crack growth rate tests were also carried out on the same material. Some
fatigue crack growth and corrosion fatigue crack growth tests were done with 7075 aluminium alloy sheet in
the T651, T7351 and RRA conditions.

10.2 The Retrougression and Reageing (RRA) Process

The rerrogression and reageing process was first described by Cina and Ranish (references [, 2} and
is a heat treatment designed for use with the 7000 series aluminium alloys. The RRA treatment was claimed
to provide in a single temper the strength and stress corrosion resistance equivalent to the best features
of the T6 and T73 -empers. The heat treatment is shown schematically in figure 10.1. It is applied to
material in the 1. condition and involves two stages of treatment. The first stage, retrogression,
requires heating for short times of the order of a few seconds or minutes at temperatures in the range
473 ~ 533 K. The second stage, reageing, is a repeat of the original T6 age, which typically involves
heating for about 24 hours at 393 K.

Subsequent studies (references 3-8) have confirmed the essential features of the retrogression and
reageing process. As indicated in figure 10.l, retrogressivn appears to involve three stages. During
stage 1 the strength decreases from the initial T6 value and reaches a minimum at the start of stage 11,
where the strength begins to recover. A secondary hardening peak is reached at the onset of stage ILI.
Continued heating through stage II1 causes a further loss of strength as the material effectively
overages. Besides changes 1in strength, retrogression causes a progressive increase in electrical
conductivity. After relatively short regression times the material can be reaged to recover strength,
sometimes to levels higher thar the initial Té6 value, and electrical conductivity continues to increase
and reaches values close to those obtained by conventional T73 heat treatment.

Cima and Ranish claimed that heating to the minimum in the retrogression curve, followed by reageing,
produced a material with strength equivalent to the initial T6 value together with electrical conductivity
and stress corrosion resistance equivalent to those of T73 processed material. A serious limitation of the
process is that the retrogression times are very short, typically 5-120 seconds depending on temperature,
and thus it is difficult to obtain uniform through-thickness properties in thick section parts. As
originally formulated, the process is more suitable for very thin sections or as a surface modification
treatment for thicker section parts. Wallace et al, (references 3-5, 7, 8) showed that lower temperatures
and longer retrogression times as far as the secondary hardening peak could cften be used to produce more
effective cembinations of strength and stress corrosion resistance in thv¥c¥et section materials.

The effects of retrogression and reageing on microstructure have been studied using transmission
electron microscopy of thin foils (references 4-6). Although some differences in interpretation exist, it
appears that stage 1 of the retrogression process involves partial resolutioning of G.P. zones with little
or no effect on the size or volume fraction of n or n' (MgZn,) precipitates, see figure 10.2 and table
10.1. Continued retrogression *hrough stages LI and IIl causes “an increase in size and volume fraction of
n + n' precipitates. Reageing causes a further increase in volume fraction of n + n', but strength can be
recovered only for short (to the end of stage 1) or intermediate (to the end orf stage I1) retrogression
times. In references (5) and (6) it is shown that the size of grain boundary precipitates increases
substantially during retrogression and approaches the size of precipitates produced by the T73 heat
treatment. It has been suggested that these coarse grain boundary precipitates play an important role in
stress corrosion cracking by acting as trapping sites for hydrogen (reference 5). Thus hydrogen produced
by hydrolysis at a crack tip and entering the metal would be encouraged to precipitate, forming molecular
gas bubbles at the trapping sites and hence lowering the concentration of atomic hydrugen (presumed to be
the damaging species) in the grain boundary regfon ahead of the crack tip. Several workers have reported
observations consistent with the presence of hydrogen bubbles at large grain boundary precipitates in
aluminium-zinc-magnesium alloys exposed to water vapour (references 5, 9, 10).

10.3 The Test Programme

An vverview of the test programme is given {n table 10.2. Tests were originally planned {ur both 7075
and 7475 materfal. But testing of 7475 was discontinued because residual stresses introduced during heat
treatment resulted in spurious fatigue crack growth behaviour, which is explained in section 10.4.4. There
Wwere two parts to the programme:

e investigation of stress corrosion crack growth resistance of 7C75 plate as a function of heat
treatment, including several ToRRA conditions

® comparisons of fatigue crack growth and corroslon fatigue crack growth resistan. -« of 7075 sheet
and plate {n the T651, T735! and optimum T6RRA conditions.

12,3.1 Materials, heat treatments and specimen configurations
The materials used in this jinvestigation were 7075 and 7475 aluminium recefved in the T65! and T7351]

tempers respectively. The 7075 alloy was received in the form of 3.2 mm thick sheet and 102 mm thick
plate. The 7475 alloy was received in the forwm of 63.5 mm thick plate.
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Retrogression and reageing treatments were carried out on unnotched specimens vlanks using silicene
0il baths. For the 7075 sheet and plate retrogression was carried out directly for the as-received T65!
materials. However, since the 7475 plate was received in the T7351 condition it was necessary to do a2 full
solution treatment and age in order to obtain a T6 starting condition before retrogression and reageing.
The 7475 plate was quenched into cold water at 273 K after solution treatment at 753 * 5 K, but no stress
retieving was done before ageing at 393 K. Retrogression treatments were carried out at 493 K and 533 K
for various times before ageing for 24 hours at 393 K.

There were three types of specimen, illustrated schematically in table 10.2. For stress corrosion
crack growth tests the specimens were of the bolt-loaded double cantilever beam (DCB) type described by
Speidel (references 11, 1[2). The specimens were 127 mm long, 19 mm high and 31 mm thick and orientated
with the loading direction parallel to the short transverse (S) direction and with crack growth in the
longitudinal (L} rolling direction of the plate. This is the most sensitive orientation with respect to
environmentally enhanced fracture.

For fatigue crack growth tests centre cracked tension (CCT) specimens were machined from the 3.2 om
thick sheet, Loading was in the longitudinal (L) direction and crack growth in the long transverse (T)
direction. Compact tension (CT) specimens conforming to ASTM Standard E647-83 (B = 12.7 mn, W = 63.5 mm)
were machined from fully heat treated plate specimen blanks. The CT specimens were loaded efither in the
longitudinal (L) or short transverse (S) directions and crack growth was in the long trapnsverse {T) or
longitudinal (L) directions respectively.

10.3.2 Fatigue testing conditions

Constant amplitude fatigue crack growth rates were obtained for tests in laboratory air, dry argon

and flowing 3.5 7 aqueous NaCl under the conditions of stress ratio (R = Smin/Smax) and cycle frequency

shown in table 10.2. CCT specimen crack lengths were measured optically and also using two FRACTOMAT KRAK
gauges bonded on either side of the centre crack starter. For the CT specimens crack lengths were
calculated from compliance measurements made periodically during the tests.

Since previous work (references 13-15) showed that the most pronounced effects of heat treatment on
fatigue crack growth in aluminium alloys are observed at low growth rates in the cthreshold regime

(da/dn < 10_8 m/cycle) the present work on CT specimens concentrated on this regime. Crack growth rates
were determined for both AK-increasing and AK-decreasing conditions using a computer controlled test
system with automatic data acquisition and analysis (reference 16}). For the AK-decreasing tests a
technique described by Saxena et al. (reference 17) was used to keep the rate of change of plastic zone
size constant as the crack propagates. Thus the load shedding followed an exponential curve given by

6K(a) = 8K  exp iC(a-a )]

where the subscript "o" denotes initial values of crack length a and AK, and the constant C determines the
rate of decrease.

In addition, the software continually checked the load versus crack opening displacement {(COD) data
sets, used in the compliance technique to measure crack growth, for the occurrence of crack closure. The
compliance data were scanned from the waximum load downwards for a 2.5 %2 positive change in slope. This
point on the load-COD curve was taken to be the closure load, which was then used to define an effective
AK:

AKeff = Kmax - Kclosure

Detailed descriptions ¢f the test system and methods are given in references (16, 18).
10.4 Results
10.4.1 Effects of RRA on microstructure, mechanical properties and electrical conductivity

The microstructures, short transverse mechanical properties and electrical conductivities of the 7075
alloy plate in the T65%, T6RRA and T7351 conditions are shown in figure 10.3. As found previously
(reference 5) both RRA and overageing to the T7351 conditjon increased the size of grain boundary
precipitates. The graln boundary precipitates had dismeters ~ 20, 75 and 65 nm for the T651, T6RRA and
T7351 conditions respectively. A general increase in size of the intragranular (matrix) precipitates is
also apparent in proceeding from the T651 to the T6RRA and T735] conditions.

It is not the purpose of this contribution to the FACT programme to interpret these microstructures
in detail, but it is worthwhile pointing out that the T6RRA treatment appears to give a microstructure
combining the preferred features of fine matrix precipitates characteristic of the T651 temper with coarse
grain boundary precipitates characteristic of the T735! temper. These features are believed to be
responsible for the combination of high strength and stress corrosion resistance of the T6RRA material. As
shown in figure {0.3, the yleld strengths of the T651 and T6RRA materials were similar and about 8 %
greater than that of the T7351 material, while the tensile strength of the T6RRA material was halfway
between the T65) and T735] tensile strengths.

10.4.. Stress corrosion crack growth rates

A series of heat treatments involving retrogression and retrogression and reageing, with retro-
gression temperatures of 493 K and 533 K, was carried out with 7075-T651. The Vickers hardness values
(VPN) and electrical conductivities (I IACS) of these materials are listed in table 10.3., Retrogression
treatments for times up to 8 minutes at 493 K and 2 minutes at 533 K were effective in providing hardness
values comparable to that (~ 180 VPN) of the T651 starting material. Also, the retrogression times of 8
minutes at 493 K and 2 minutes at 533 K resulted {n electrical conductivities higher than that of
7075-T651 (33-34 1 1ACS) and similar to values expected for 7075-T7351 (38~42 T TACS).
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Stress corrosion crack growth rates are shown in figure 10.4 for 7075-T651, T7351 and T6RRA materials
with retrogression times of 1, 2, 4, 6 and 12 minutes at 493 K. The plateau (stress independent) crack

growth rate for 7075-T651 was about 8 x 10_9 w/s, and the transition from stress independent tu stress
dependent crack growth occurred at a stress intensity factor value of about 10 MPa w. The effect of
increasing retrogression time at 493 K was to progressively lower the plateau crack growth rate and move
the transition to higher stress intensity factor values.

Material retrogressed for 6 minutes at 493 K had stress corrosion crack growth rates of about

2-4 x 10-10 m/s. This is slightly higher than crack growth rates in 7075-T7351 but much lower than the
plateau crack growth rate for 7075-T651. Ib view of this result, and also the results of the hardress and
electrical conductivity measurements listed in table 10.3, it appears that an optimum balance of strength
and stress corrosion resistance is obtained with retrogression times of 6-8 minutes at 493 K.

Thus for the second and mwain part of this investigation, fatigue crack growth and corrosion tatigue
crack growth resistance tests, it was decided in the case of T6RRA material to concentrate on retro-
gression times of 6-8 minutes at 493 K before reageing.

10.4.3 Fatigue and corrosion fatigue crack growth rates for centre cracked tension (CCT) specimens

The fatigue and corrosion fatigue crack growth results for CCT sheet specimens are given in figures
10.5-10.7. There are three trends:

(1) For each combination of fatigue environment and cycle frequency the data fall into fairly narrow
scatter bands.

(2) 7075-T7351 had the lowest crack growth rates in air. T6RRA material was intermediate, and
7075-T651 had the highest crack growth rates.

(3) The overall effect of a lower cycle frequency was to shift the fatigue crack growth rates to
slightly higher values. This effect is more noticeable for fatigue in 3.5 % aqueous NaCl.

10,4.4 Fatigue and corrosion fatigue crack growth rates for compact tension (CT) specimens

As mentioned at the beginning of section 10.3, residual stresses introduced into the 7475 plate
material during heat treatment resulted in spurious fatigue crack growth behaviour. Specifically, the
7475-T6 and -T6RRA specimens required abnormally long times for initiation of fatigue precracks; the
precracks often initiated away from the machined chevron notches and grew on planes not perpendicular to
the loading direction; and the crack length values determined by computer from the compliance plots often
varied in an apparently random way. The load-COD plots for these specimens often showed warked non-
linearities even in the higher ranges of load employed. In contrast, load-COD plots for 7475-T7351,
7075-T651, -T6RRA or ~T7351 were essentially linear and showed only wminor iudications of curvature at very
low loads, most probably as a normal consequence of fatigue crack closure.

It is suspected that the anomalous behaviour of 7475-T6 and -T6RRA was a consequence of haviog to do
a full solution treatment and age to obtain the T6 and T6RRA conditions from the original T7351 tewper. In
particular, it is thought that residual stresses were introduced by the cold water quench after solution
treatment. Because of this all subsequent work was done with 7075, which had been received in the stress
relieved T651 condition and could be converted to T6RRA and T7351 without full solution treatment.

Fatigue and corrosion fatigue crack growth rates for 7075 are given in figures 10.8-10.11, which show
the following:

e figure 10.8 : fatigue crack growth in dry argon (no environmental effect)
e figure 10.9 : comparisons of fatigue and corrosion fatigue crack growth
e figure 10,10: effect of cycle frequency on corrosion fatigue crack growth
e figure 10.11: effect of stress ratio on corrosion fatigue crack growth.

Figure 10.8 shows that fatigue crack growth rates for SL orientation specimens fall intc narrow

scatter bands with 7075-T651 the most resistant at low values of AK and AKeff' LT orientation 7075-T651

specimens had greater resistance to fatigue crack growth than SL orientation 7075-T651 specimens at AK and
BK ¢ values below 8 MPa m. However, LT orientation 7075-T6RRA specimens were less resistant than SL

specimens, apparently because there was less crack closure.

Figure 10.9 shows the very large environmental effect of fatigue in salt water. There was rore crack
closure in salt water than in argon, Consequently, plotting crack growth rates against AKEff resulted in
an even greater difference between the sets of salt water and argon data. Also the apparent "knees” in the

salt water da/dn - 8K plots at about 10-8 m/cycle are less evident when the data are corrected for crack
closure. With respect to alloy temper, in salt water 7075-T65]1 was more resistant than 7075-T6RRA and
7075-T7351 at low values of 8K and AKeff' but less resistant at higher values.
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Figure 10.10 shows that lowering the cycle frequency from 20 Hz to 2 Hz tended to result ir higher
crack growth rates at higher values of &K and AKeff' and lower crack growth rates at low values of 4K and

&K It was expected that lower crack growth rates at low AK might be due to enhanced crack closure at

eff’
2 Hz, owing to a greater wedging effect of thicker corrosion products formed at this lower frequency.
However, correcting fo. crack closure did not change the relative positions of the data sets. The

da/dn - OK plots show knees at about 10-8 m/cycle. When corrected for crack closure the data show knees at

slightly lower crack growth rates of about 5 x 10-9 m/cycle. Interestingly, the ranking of alloy tempers
at low values of AK and Al(eff changed with cycle frequency: 7075-T651 was the most resistant at 20 Hz but

the least resistant at 2 Hz.

Figure 10.11 shows a significant effect of stress ratio on fatigue crack growth rates in salt water
at 2 Hz. The range in crack growth rates plotted against AK covers about one order of magnitude.
Correcting for crack closure reduces the data spread to a factor of 3-5 in growth rates. There are knees

in the da/dn - 8K plots at about 10_8 m/cycle. Below the knees the crack growth rates fall away rapidly,
indicating threshold AK values in the range 2.5 - 3.5 MPa m. Values for the three tempers tested at R =
0.5 were towards the low end of this range, while at R - 0.1 the indicated values were towards the high
end. 7075-T651 was generally the least resistant temper at both R values.

10.5 Discussion and Conclusions

Retrogression and reageing of 7075-T651 alloy results in significant increases in resistance to
stress corrosion crack growth when retrogression is continued to the region of the secondary hardening
peak. For the particular heat treatments used in this investigation the retrogression times were about 6-8
minutes at 493 K. Plateau stress corrosion crack growth rates were more than an order of magnitude lower
than that of the T651 material.

In argon the fatigue crack growth rates in SL orientation specimens were similar for all three

tempers. However, below about 10_8 m/cycle there were indications that 7075-T65]1 was more resistant tham
7075-T6RRA and 7075-T7351. This is consistent with the results of other investigators who found that in
the threshold region the fatigue crack growth resistance of various tempers of 7C75 increases in going
from overaged to peak aged to underaged material. These other studies were done with vacuum (reference
15), laboratory air {references 14, 15) and moist air at 95 % trelative humidity (reference 13), and at
relatively high frequencies in the range 25-40 Hz.

When tests were done in salt water at 20 Hz the ranking of the tempers remained the same. At the
lowest crack growth rates the T651 (peak aged) material still appeared to be more resistant to fatigue
crack growth than the overaged T735! material and the T6RRA material. Ip this respect the T6RRA material
behaves more like an overaged material than its peak aged T651 equivalent. At higher crack growth rates
7075-T651 was the least resistant to fatigue crack growth. This was also observed by Suresh er al.
{reference 13) for tests in moist air.

For fatigue in salt water at 2 Hz the differences in crack growth rates between the three tempers in
the near threshold regime were much less than those observed for fatigue in argon or salt water at 20 Hz.
Also, the rapnking of the tempers changed. 7075-T651 was the most resistant at 20 Hz but the least
resistant at 2 Hz. This indicates that the T7351 and T6RRA materials have greater resistance to corrosion
fatigue crack growth.

The longer test durations at 2 Hz would be expected to result in a greater contribution of corrosion
fatigue crack growth to the overall crack growth process than at 20 Hz. However, this was observed only
for higher crack growth rates and higher values of AK and AKeff’ and not fo. the lower crack growth rates

in the near threshold regime. This unusual behaviour was not caused by differences in crack closure and
therefore some other process such as crack tip blunting by anodic dissolution may be responsible. No firm
conclusions on this can be reached at present, and the phenomenon is under investigation.
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PART 1V

EVALUATION OF THE CFCTP AND FACT PROGRAMMES

1. INTRODUCTION

In this final Part of the report we shall endeavour to assess the total eftort Invclved in the CFCTP
and FACT programmes. First we wish to thank the AGARD Structures and Materials Panel (SMP) for enabling the
setting up of an internationally coordinated programme on corrosion fatigue. As figure | shows, this was a
formidable task that has taken more than a decade to accomplish.

2. THE CFCTP CORE PROGRAMME

In Parts 1 and Il of this report it was statea that the CFCTP cure programme consisted of round-rubin
testing whose primary purpose was to establish whether participants could obtain confidence in une
another's fatigue testing capabilities, especially when using a controlled atmospheric corrosion environment
(salt spray). There were originally eight participants: NADC, University of Saskatchewan, VOUCHT, AFWAl,
NLR, DFVLR, NDRE and RAE. These were subsequently joined by two more, SIFFRL and the University of Pisa.

The later participants obtained results significantly different from the rest. This was at least
partly due to their being supplied with new specimens which, because they had to be redri.led trom
interference to press fit dimensions, turned out to have significantly inferior fatigue pruperties comp-red
to the first batch. The differences are regrettable but instructive. They show how Important and necessary
it was to do the CFCTP core programme and, as first intended, tuv supply participaots with specimens from
ane batch.

An innovative combination of statistical methuds was used to analyse the (FCTP core programme data,
both with respect tc fatigue lives and the locations of primary crigins ot fatigue initiativn and fracture.
A detailed evaluation, described in Part Il of this report, demonstrated the following:

(1) The original eight participants could be confident in one another's envirunmental fativue testing
capabilities. Thus the primary purpose of the CFCTP core programme was achieved.

(2) The first batch of CFCTP core programme specimens and the mechanical and environmental testing
conditions were highly reproducible except for the way specimens were origirally cleaned and
dried after pre-exposure to acidified salt water. The cleaning and drying procedure was amended
to be reproducible, and this amended procedure was stipulated far the FACT progromme.

(3) Euvironmental effects on fatigue lives were significant and counsistert. Most importantly it was
found that environmental effects were greater at 3 higher stress level. This is the opposite ot
what many literature data show. This discrepancy is explafned in section 4.2.1 of Part il and iy
due to the fact that the majority of specimens used in envircomental tutigue testipg are
coupons, whereas the CFCTP specimens were designed to be realistic representations of a
critical structural joint.

It is therefore concluded that realistic specimens are necessuyry tor correct assessment of
environmental fatigue effects.

(4) Examination of failed specimens to determine the locations of primary fatigue origing proved t.
be essential for understanding the fatigue behaviour.

3. THE FACT SUPPLEMENTAL PROGRAMME

As stated in Part III of this report, the intention of the FACT supplemental programme was to allow
individual participants to investigate corrosion fatigue problems ot particular relevance to their own
interests and yet maintain a high degree of commonality. To achieve tnis it was recummended that

e the same specimen configuration (1} dogbone) be used as for the CFCTP core programme
e mechanical and environmental testing conditions be identical
e efforts be made to obtain meterials of mutual interest from one heat.

An overview of the FACT progromme is given in figure .. There were ten participants: VOUGhU, SAAB, NADG,
AFWAL, NDRE, NLR, LRTH, IABG, RAE and NRC. Six had also taken part in the CFCTP core programme, namely
VOUCGHT, NADC, AFWAL, NDRE, NLR and RAE. Figure 2 shows similarities and commonalities in the individual
programmes. Most particlpants tested 1} dogbone specimens under nominallv  identical mechanical and
envirunmental conditions. The fatigue loadings were constant amplitude, as in the TFCTP, the manoceuvre
spectrum FALSTAFF (references 1-3) and the yust spectrum MINITWIST (reference 4). lhe envircnmental
conditions generally included two or more of those in the CFCTP. Nctable exceptions were in the SAAB and
NRC programmes.

The main interest of several participants was to compare - in their individual programmes - the
environmental fatigue properties of a number of aluminium alloys in various tempers. However, owing tu the
calibratory function of the CFCTP and the participants' acti{ve cooperation in obtaining the many
similarities and commonalities within the FACT programme, it is possible to make inter-participant
comparisons of materfals, protection systems ind fasteners as well. Fuarthermore, the total testing etfort
previded many data for comparinog fatigue eftects under constant amplitude and FALSTAIY loading, the latter
being o realistic cyclic load history for tactical aircraft,
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For detalled analyses of the results, discussions and conclusions of the individual contributions to
the FACT programme we refer the reader to Part III of this report. Here we shall discuss Inter-participant
comparisons of materials, protection systems and fasteners in sectfon 3.1, and comparis>ns of environmental
fatigue effects under constant amplitude and spectrum loading in section 3.2.

3.1 Inter-Participant Comparisons of Materlals, Protection Systems and Fasteners

The possibilities for inter-participant comparisons of materials, protection systems and fasteners are
summarised in table l. Comparisons of fatigue lives per fatigue testing schedule, load history and stress
level are made in figures 3-6 and show the following:

(1) For constant amplitude fatigue at a higher stress level (Smax = 210 MPa) the fatigue lives of
7075-T6 and 7075-T76 specimens were equivalent. Fatigue lives Were not significantly prolonged by
the use of interference fit fasteners, a flexible primer (Korcflex) or interfay sealant.

(2) For constant amplitude fatigue at a lower stress level (Smax = 144 MPa) the rankings of

materials, protection systems and fasteners depend on environment, except that 7075-T6 specimens
had significantly shorter average fatigue lives than the rest.

For fatigue in air the fatigue lives of 7075-T6RRA, 7075-T76 and 7475-T76] clad specimens were
equivalent. The use of interference fit fasteners (7075-T76) and {interfay (7475-T76l clad) was
beneficial to fatigue lives.

For pre-exposure + fatigue in salt spray the 7475-T761 clad specimens had longer average fatigue
lives; 7075-T6RRA, 7075-T76 and 2024-T3 Alclad specimens had equivalent fatigue lives; and
7075-T6é specimens had shorter average fatjgue lives. The use of interference fit fasteners and
sealant in fastener holes (7075-T76) was not beneficial. However, interfay sealant prolonged the
fatigue lives of 7475-T761 clad specimens.

(3} For FALSTAFF fatigue at a higher stress level (Smax = 289 MPa) the average fatigue lives of
specimens with interfay sealant were longer (sealant in fastener holes was most probably not
bene¥icial). The relatively good performance of /075-T6 specimens is noteworthv. The reason for
this may be that a high yield sirength helps to pestpone fatigue crack initjation at high stress
levels.

{4) For FALSTAFF fatigue at a lower stress level (Smax = 238 MPa) the fatigue lives of most specimens

were equivalent. The average fatigue lives of 7075-T6 specimens with the NF-35 protection system
were shorter than the rest, including 7075-T6 specimens with the MRCA protection system and
interfay sealant. Since these 7075-Té specimens were from the same batch of material, it may be
concluded that the MRCA protection system with interfay sealant enabled significantly longer
fatigue lives than the NF-5 protection system. However, in geueral there was ne consistent
benefit from using an interfay sealant. Nor was the use of interference fit fasteners ar sealint
in fastener holes beneficial.

It is clear from the foregoing observations that there are no overall trends with respect to material
and protection system rankings. Nevertheless, significant improvements in envirunmental tatigue res.. ance
are obtainable through choice of improved materials, heat treatments and protection systoes. ln particular,
the use of an interfay sealant can be recommended because it is sometimes very beneficial. There are
several possible reasons for this. Inhibition of corrosion and fretting can postpone iatigue crack
initiatfon at faying surfaces. And improved lvad transfer (via the sealant) can reduce the stress
concentrations at fastener holes. This has been observed in prelimirary work at the NLR using a SPATE 80uC
thermoelastic stress analysis camera.

Since there are no overall trends with respect to materials and protection sysr , it may be
concluded that their evaluation requires realistic load histories, stress leveis and environments. This
conclusion adds te one in < ction 2 concerning the CFCTP core programme, namely that realisti. specimeas
are necessary for covrect assessment of environmental fatigue effects.

There was, however, a» overall trend with respect to fastener fit, The use ot interference fit Hi-Loks
and SLEEVbolts instead of press fit Hi-Loks v - not beneficial to fatigue lives. A simiiar result was
obtained in the AGARD-coatdinated Fatigue Rated Fastener Systems programme {(reference 5) for specimens with
moderate to high values of secondary bending ratio (SBR). As discussed in Appendix I, the S$BR for
i} dogbone specimens varies from 0.2 for press fit Hi-Loks to 0.4-0.5 for interference fit SLEEVbolts and
Hi-Loks. Thus it fs most likely that any potential improvement in fatigue life from using interference tit
fasteners was counteracted by an increase in SBR.

In view of the foregoing, it may be questioned whether the 1} dogbone specimen configuration is
suitable for the evaluation of different fastener systems. Insofar as this specimen type is realistic for
certain types of aircraft structural joints, the answer is yes. However the present results, it.e. no
significant differences in fatigue lives tor specimens with press and Interference fit fasteners, should
not be extrapolated to other types of joints, particularly those with low secondary bending ratics.

3.2 Inter-Participant Comparfsons of Environmental Fatigue Effects

Inter-participant comparisons of environmental fatigue effects under constant amplitude and manoeuvre
spectrum (FALSTAFF) loading at different stress levels are shown in figure 7. Environmental eifects were
greater at higher stress levels. This 1s the same trend found for the CFCIP core programme and, as
mentioned in sectton 2, it is the ovpposite of what one would expect from literature data, which refer
mostly to simple coupon specimens.
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The reason for this discrepancy is as follows (see also section 4.2.1 of Part 11 of this report).
Higher stress levels and eaviroanmental fatigue testing (pre-exposure + fatligue in salt spray) promoted
fatigue initiation in the bores and at bore/faying surface cormers of the fastener holes in 1§ dogbone
specimens., On the other hand, lower stress levels favoured fatigue initiation at the faying surfaces. It 1s
most likely that environmental effects will be greater when they promote characteristic failure modes. This
explains why the observed environmental effects were greater - on the average - at higher stress levels.

As before, it 1s concluded that this distinct difference in environmental fatigue behaviour between
simple coupons and 13 dogbone specimens, which were designed to simulate an actual joint, shows that
realistic specimens are necessary for correct assessment of environmental fatigue effects.

4. CONCLUSTONS AND RECOMMENDATIONS
The main objectives of the CFCTP and FACT programmes were:

e assessment of the effectiveness of state-of-the-art protection schemes for aluminium alloys with
respect to corrosion fatigue and corrosion + fatigue

stimulation of the development of new protection products, procedures and techniques

bringing together researchers on both sides of the Atlantic in a common testing effort that would
result in a better understanding of the corrosfon fatigue phenomenon and the means ~f mitigating it
for aerospace alloys

enabling participating laboratories to add to their fatigue testing capabilities by using a
controlled atmospheric corrosion environment.

This report demonstrates that the first, third and fourth objectives have been achieved. It also provides
many data on a broad, international basis for achieving the second objective.

Much remafns to be done to increase the understanding of aircraft corrosion fatigue and the
effectiveness of protection systems. The incentive is present in the FACT programme results: significant
improvements in corrosion fatigue resistance are obtainable,

The degree of {improvement depends on specimen configuration, fatigue load history, stress level and
environment. It is therefore essential to evaluate potential improvements in materials, protection systems
and fasceners by testing realistic specimens under representative fatigue load histories with environments
simulating mission service cunditions as closely as possible.
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APPENDIX 1

LOAD TRANSFER AND SECONDARY BENDING IN THE 14 DOGBONE SPECIMEN

1. INTRODUCTION

This Appendix describes the load transfer and secondary bending characteristics of 1} dogbone
specimens similar to those used in tke CFCTP core programme and recommended for the FACT supplemental
programme. The CPCTP and FACT specimen configuration is illustrated in figure L. The specimen configuration
was designed to simulate the load transfer and secondary bending characteristics of runouts of stiffeners
attached to the outer skin of an airframe structure. The design goals were a load transfer of 40 X and
secondary bendiag ratio of 0.5 (reference 1), These parameters are defined in figure 2.

The NLR and the University of Pisa conducted a programme to determine the actual values of load
transfer (LT) and secondary bending ratio (SBR) in 1} dogbone specimens (references 2,3). This programme
was based on specimen requirements for the AGARD-coordinated Fatigue Rated Fastemer Systems (FRFS)
programme (reference 2). The specimen configuration was identical to th»t {in figure ! except for the
aluminium alloy sheet thickness and fastener fit, as follows:

CFCTP AND FACT LT AND SBR PROGRAMME
ALUMINIUM ALLOY
SHEET THICKNESS 3.2 um 3
FASTENER TYPE Hi-Lok Hi-Lok Hi-Tigue
NOMINAL FIT slight press : - 0.01% clearance : + 0,020 .
OF FASTENERS * interference : - 0.077 interference : ~ 0.025 interference : 0.070

* Dimensions in millimetres. + = clearance, -~ = interference.

Despite the differences in specimen configuration the results of the load transfer and secondary
bending ratio programme are relevant to the behaviour of the 1} dogbone specimens used in the CFCTP and
FACT programmes.

2. OVERVIEW OF THE LOAD TRANSFER AND SECONDARY BENDING RATIO PROGRAMME

An overview of the load transfer and secondary bending ratio (LT and SBR) programme is given in table
1. The number, positions and dimensions of the strain gauges on the fatigue specimen -1 are important. A
detailed discussion of these aspects is given in reference (2). An example of strain gaugeing the fatigue
specimen -1 is given in figure 3a. The strain gauges and wire leads at the faying surface were accommodated
by shallow recesses milled in the half plate -2, figure 3b.

The strain gauges were bonded to the fatigue specimens after priming and before assembly into
1} dogbones. Assembly was donme using the appropriate fasteners and with polysulphide sealant at the faying
surfaces and in the fastener holes.

The specimens were fatigue cycled under constant amplitude loading with maximum stress Smax = 250 MPa
and a stress ratio R = Smin/smax of 0. Fatigue cycling was interrupted at fixed intervals, e.g. cycles |,
5, 100, 1000, 5000 and 10,000, {n order to measure strains in a "static" loading test with Smax = 250 MPa

and § = ~ 67 MPa.
min

3. RESULTS

The results of the LT and SBR programme are compiled in references (2,3). Figure &4 presents
characteristic values of load transfer and secondary bending ratio at S = 250 MPa. The following trends
can be observed: max

Q)] Load transfer is almnst independent of fastepner fit, with a typical value of 27 Z. This is
lower than the design goal of 40 Z.

(2) Secondary bending ratio depends strongly on fastener fit, reaching a maximum of about §.47 for
an interference fit of - 0.070 om. Again the values are lower than the design goal of 0.5.

4. ESTIMATION OF LOAD TRANSFER AND SECONDARY BENDING RATIO IN THE CFCTP AND FACT SPECIMENS

Most 1} dogbone specimens for the CFCTP aund FACT programmes were assembled using Hi-loks and a
slight press fit resulting in a nowinal interference of - 0,019 mm. The NADC, AFWAL and RAE contributions
to the FACT programme also included specimens with higher interference fit fasteners, see sections 4, 5 and
9 of Part ILl of this report. Estimates of the load transfer and secondary bending characteristics of the
three specimen types have been made using the LT and SBR programme data, specifically the correlations
betweea fastener fit, load transfer and secondary bending ratio. These estimates are as follows:




S = 250 MPa

FASTENER NOMINAL FIT OF L
TYPE FASTENERS # LOAD SECONDARY BENDING
TRANSFER RATIO
CFCTP AND FACT PROGRAMMES Hi-Lok slight press : - 0.019 24 7 0.20
NADC AND RAE CONTRIBUTIONS TO FACT Hi~Lok interference : - 0.077 30 7 0.51
AFWAL CONTRIBUTION TO FACT SLEEVbolt interference : - U.064 29 2 0.44
* Dimensions in millimetres. - = interference.
5. REFERENCES
L. D. Schiitz and J.J. Gerharz, "Schwingfestigkeit von Fiigungen wmit Sonderbefestigungselementen”,

Fraunhofer-Institut fiir Betriebsfestigkeit Technische Mitteilungen T 69/73, 1973.

3. H.H. van der Linden, L. Lazzeri and A.
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specimens", NLR Technical Report TR 86082 U, August 1986,

2. H.H. van der Linden, "Fatigue rated fastemer systems", AGARD Report No. 721, November 1985.

"Fatigue rated fastener systems in 14 dogbone



TABLE t: OVERVIEW OF THE LOAD TRANSFER AND SECONDARY BENDING RATIC PROGRAMME

I8y

MATERIAL

SPECIMEN

FASTENER HOLE QUALITY

PROTECTION SYSTEM

SPECIMEN

INSTRUMENTATION

LOADING CONDITIONS

TEST PROGRAMME

5 mm thick 7075-T76 aluminium alloy sheet

CLEARANCE OR INTERFERENCE FIT

Hi Loks OR Hi-Tigues

Reamed with or without prior cold work

Chromate containing epoxy primer + polysulphide sealant in fastener
holes and at interfays

Strain gauges on fatigue specimen -1

Constant amplitude fatigue cycling with intermittent measurements

of strains

PER SPECIMEN

REFERENCE 2 3
NUMBER OF
STRAIN GAUGES 18 22

FASTENER cold worked cold worked
HOLE reamed + reamed +
QUALITY reamed reamed
FASTENER Hi-Lok Hi-Lok Hi-Tigue Hi-Tigue
FASTENER clearan low high high

FIT rance interference|interference|interference
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SECTION

185.0 5.0
2] HALFPLATE 3/ SPACER
S 1870008 ¢ 6.308 11873 0
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2 ! Ll | l
=2 185.0 300
~
- 650

-ALVLVDIMEHSIONS N mm i

{1} HOLE DIAMETERS 6.306 £0.044 mm FOR CORE PROGRAMME SPECIMENS (SLIGHT PRESS FIT).
HOLE DIAMETERS 6.248 £ 0.0127 mm (INTERFERENCE FIT) OR 6.308 +0.044 mm {SLIGHY PRESS Fii} FOR SUPPLEMENT AL TESTING SPECIMENS.

(2} ALLHOLESMARKED THUS * A" ARE 18°30'8 mm DIAMETER.
(31 SPECIAL TOLERANCE INDICATIONS ARE. 25.0 = 2520.05
260=25¢01
255 =25202

F

ig. 1 The CFCTP core programme and recommended FACT supplemental programme specimen
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2) HALFPLATE

» LOAD TRANSFER PT

TOTAL LOAD P @ 5 \ @ BYPASS LOAD Py

1) FATIGUE SPECIMEN

P.
LOAD TRANSFER = T 1 100%
L+ 8
20 HALF PLATE ﬁ
E& ‘ Cb
—3 >

P

1) FATIGUE SPECIMEN

SECONDARY BENDING = €ple,
WHERE ¢, AND £, ARE THE AXIAL AND
BENDING STRAINS RESPECTIVELY

Fig. 2 Definition of load transfer and secondary bending for the 14 dogbone specimen

LOCATIONS OF STRAIN GAUGES
ON FATIGUE SPECIMEN 1} ] 125 50
|
\‘ __C’ A l
11 ~
- (e =] 3141
1301462 (Z 3:;
1B 5(6) :
61762 12)

e 718}
RS 63

u i A
w N0 suo L™ —+
/ “ L g J \__—J
A
12131516 18 13 21

p 108 mm DEEP RECESSES ON HALF @ 17 20
{ PLATE 2) FAVING SUREACE VIEW A-A

.

[ALI. OIMENSIONS IN mm i

Fig. 3 Example of strain gaugeing a 13 dogbone specimen for measurement of load transfer
and secondary bending ratio
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LOAD TRANSFER (%)
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T T T T L B st
clearance fit Hi-Loks in
reamed holes

LOAD TRANSFER

low interferance fit Hi-Loks in
cold worked snd reamed holes

SECONDARY asnumﬂ

high interference fit Hi-Tiques in
reamed hales

high interference fit Hi-Tigues in
cold worked and reamed holes

" 2 1 . R

1
0 a1 02 03 04 0%
SECONDARY BENDING RATIO

Fig. 4 Load transfer and secondary bending characteristics of 14 dogbone specimens at Su:x 280 MPa




APPENDIN Y1

STATISTICAL METHORS

INTRGLECT

The .iatistical methods used to analvse the (FCTP wore programme and FACT supplerental propramme
Tt is sutticieut ty refer to the procedure used for che CFCHP
programme since the metheds were the same, althiugh the an ust of statistical analysis for the
programme veried according to each participant’s cuneribution,

are doweribed 10 this Appendix,

A survey ol the statisticsl methods and procedure tor anuslysing the CFCTP core propramme fatigue
wd pramary tatipoe origun date is given in figure 1. The 1atigue life auta were tirst checked
guermality and buomogenelt. o Varlam es yipproximate complisnce with these ronditions is sutficient)
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The primary fatigne crigin were amilised using the x2 test of independer
ver was appropriate. For these tests it is sufricient to .is-ume
titute o random sample, The
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(7) Choose a sigpiticance level a (e.g. 5 %, t ).

(6) Letermine the solutiun ¢ «f the equation P (x* & ¢) = l-a from the appropriate value of ¥x? in the
table of the x? distribution (included in most standard texts on statistics). The appr-opriate
value of x? is listed under the chosen value of a and for
e K-1 degrees or freedon if all parareters uf F(x) are known
® K-r-1 degrees of freedom if r paramcters of F(x) are unknown and their maximum Tikelihood

estimates are used.

(7) If xi % ¢, do aot reject the hypoihesis. If xz > ¢, reject the hypothesis,

v

An example using CFCTP core programme data is given in table 2. This shows that the data appreximate
to a log-normal distribution and may be tredated in the same way as random variables in a normal
distribution provided thut the logarithm of each datum is used.

3. TESTING FOR HOMOGENEITY OF VARIANCES

There are severai methods of testing for howogeneity of variances. For the CFCTP core prugramme two
tests were used, both ot which are discussed in reference (4):

() Bartlett's test, which is used when the sample size is large.

(2) Box's test, which is @ medified version of Bartlett's test and used when the number of degrees of
freedom of any sample variance is less than 4.
fhe ubiective of thase tests is to check the hypothesis that the variances c? of k popnlations are
equal. 1his 1s done by estimating the variances s for edach of cthe k samples ard following the
computational procedures outlined in table 3, which is almost self-explanatory. The twe tests are quife
simiis+. The statistic used in Bartlett's Cest is

K .
L2 - ‘re
x4 0 with Ul degrees of freedom
2 | ¥
A :
or F = = — with v and « degrees of freedom.
1

Bux's test cliunges the denamiaator of the statistic FO as follows:

K/
]

F o= = with . and v degrees of freedom.
o wlv 1 2

2

Stte that fur large samples Bartlett's test and Box's test are consistent with each ctbner.

The calculated values xz and EO are compared with appropriate values of x* and ¥ in tables of the x?
aud ¥ odistribution (included in most standard texts n statistics). The appropriate values of x% and F are

tisted under the chosen significance level u and fur 9 and v , 2 degrees of frecdom respectively, If xi
L L 2 ©

and F0 are less thau .r equal to the respective % aund ¥ values, the hvpothesis that the variances BEENYS
the k populations dre equal is not rejected. If x; and FO are grester tha:s the respective . and F values,
tne hvpothesis is rejected.

fnarples a1 the use of Bartiett's test and Box's test for che CFCTP cure programme data are given in

table 4. The levorathms ot the fatigue lives were used fur all calculations since both tosts assume
normaiity.

N ANALYSIS OF VARLANCE

Analvsis ot vacience "5 a statisticdl technique for comparing three or more scts ot experimertal data
tr determine the etfect of variovs foctors (experimental variables) on some characteristic of stoduct or
tpeciinen. The analysis is based on separating the total variation precent in the data sets into parts, each
ot which measures variability attributable to a specific source.

hree-way anilvsis of variavce was used for the CFCUIP core programme. In a three-way analysis of
variance, which evalustes the simultanecus ettects of three facturs, the sources of variation .are
varisti.ue dne to eack main tacter, joferaeting factors, and residual (experimental) errcr. The parts of
the wuridnce dre analysed Thence the name: analysis of variance) tor siguificant differences between the
ydats sets by compariug their mesns, Thus the hypothesis tested §s that the wmeans of k populations trom
shich k sarples are ohteived are equal.
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The procedure for testing this hvpathesis is {llustrated schematically fo table 5 for a fairly simple
three iactor eaperiment. The three main factors are assigoed to columns {¢), rows (r) and groups (g). In
tne computations the sums of the squares and mean squares are determined for each main factor, the two-way
interoctions, the three-way interaction and the residual error term. The ratio ot each mean square to the
residual mesn square provides values ol the statistic FU. which is then compared with appropriate F values

{ror the F distribution table. When Fu is ygreater thon F the influence of 3 fdactor or combination of

tactors un the data is considered significant. When Fo is less than or equal to F unv differences in means
are indicated to be duye te chance or experiment.! error only.

Certain assumptions are necessary when analysis of variance is used. These are:
(1) The data represent random samples from normally distributed pupulations.
(’) The variances of these populations are equal.

tailure to meet these assumptions may affect the validity of the analvsis. However, the F distribution is
very robust, i.e. “forgiving", with respect tou violation of the assumptions, so that moderate violations
~hould not aftect the outcome of the analysis. For the CFCTP core programme the data were found to be
log-nornal or to approximate log-normal distributions, and there were only a few slight-to-moderate
viclutions of the criteria for homogeneity of variances (see sectiens 3.2,.1 and 3.2.2 ot Part 1l of this
repore}. These results were considered sufficient for cootinuing the statistical treatment of the fatigue
life data provided that the logarithms of the fatigue lives were nsed.

Table 6 yives a schematic of the three-way analysis of variance for the CFCTP core programme. The
input daty are much more extensive than the schematic three factor experiment plan fu table 5. This is why
the analysis was dore using 2 computer program called MANOVA", which is part of the well-known Stacisci-al
Yackape for the Social Sciences (reference 5).

3. "FINE TUNING" WITH THE LEAST SIGNIFICANT DIFFERENCE TFST

as shown in figure [, significant effects indicdted Ly analysis of variance were Investigated in more
detail (“fire tuning") using the least significant difference test {references h.7). From table 6 the
significaat effects indicated by analysis of variance were

@ laboratory

® stress

e environment

e stress: environment.

However, it was not pecessary to analyse the effect of stress level in more detail., Since there were only
two stress levels it is ubvious that the significant difference {s between them,

The least significant ditference test locates the source or sources oi the significant difference in
the data. This is done by comparing all possible combinations of two means in the k samples in order to
determine which of the 3k (k-1) comparisons are significant and which are not. The test is based on the
statistic t, which can be expressed as

Ll
hi J

where ;i and ;j are the means of two samples of sires n, and b, respectively, and MS {s the

i residual
residusl mean square obtained from uralysis of var{ance (sve table 5). The procedur2 for the least
significant difference test {s given in table 7 for the usuval case of equal sample slizes and in modified
torm tur unequal sample sizes. Tabulated values of the t distributifon for various significance levels and
deyrees of freeduom are included in most standard texts on statist{cs. The criteria for indication of a
signiticant difference betsven two means are

]x‘—xj ! > 8D,

el
“'su"reqidunl

Examples of the use of the least signifivant difterence test to locate the source or sources of a
siynit fcant effect ipdicated by analveis of variance are given in table 8. Note that omission of data for

reassembled specimens resulted not onlv (n upequal sample sizes, but also changed the values of MS tdual
residua

aud Cresidual obtained trom analysis of varfance. In uther words, one vannot simply omit data in the "fine

tunfug' stege. A complete reanalysis of varfance has to be done as well.
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6. "FINE TUNING" WITH DUNCAN'S NEW MULTIPLE RANGE TEST

As shown in figure |, Duncan's new multiple range test (references 8,9) was uysed tou investigate In
more detail the experimental variables, or their interactions, that were not tound to be significant by
analysis of variance. From table 6 these are

e laboratory: stress
e laburaroery: environment
o laboratory: stress: environment.

However, it should be noted that Duncan's test can be used whether or not the analysis of variance
indicates a significant effect. Like the least siynificant difference test, Duncan's new multiple range
test locates the source or sources of the significant difference in the data by comparing all possible
combinations of two means in the k somples in order to determine which of the 1k (k~1) cowmpariscns are
significant and which are not. The test is based on the runge of the k means, i.e. the difference between
the smallest and largest means of the samples involved in a comparison. The difference between any twu
ranked means is significant if it exceeds a shourtest significant range (SSR).

The procedure for buncan's test is best illustrated using actual examples from the CFCTP core
programme, Table 9 gives an example for the usual case of equal sample sizes. As showo in the rahle, the
procedure consists of the following steps:

(1) Kkank the means and calculate the standard errur of the medn s from the residual mean sauare

M5 . (obtained from analysis ol variance) and the sample Size n.

residual M

(2) Choose o significance level o and determine the sigrificant studentized ranges z ‘cor appropriate
values of p, the number of meavs involved in a comparison, and N degrees of freedom.

. ) residual

Tables of z values are available e.g. in references (8,9).

(3) Calculate the shortest significant ranges SSR from the products of s> and the apprupriate £
values, >

(4; Test the differences between means in the following urder: largest mirus the smallest, largest
minus the second smallest, and su on, ending with the second smallest minus the smallest. With
one exception each difierence is declared significant i it exceeds the corresponding S8R,
otherwise it is declared insignificunt. 7he exception is that no ditferevce between twoe means cao
be declared significant if they are both contained in a sub-set of meats which has o
non-significant range. Thus as soon as 4 non-significant ditterence between two means is found,
the remuining differences between these weans and atl the intervening ones are insignificurt and
need not be tested against the SSR. However, this testing is shown for completeness in cable 9.

Table 14 gives an example of Duncan’

for equal sample sizes except that 8 1/M restdual

test tor unequal sample sizes. The procedure {s much the same as
— A .
is used instead ol s; ana the difference between twe

means ;1 and §J is mulciplied by , where 0, and n, are the sample sizes fur vach mean. As  was

3

mentioned in secction 5, it shou'd be noted that omission of data for reassembled specimens resulted not

ouly in unequal sample sizes, out also changed the values of MNS . and vy . obtained trom
. . residual residual

snalysis of variance.

i, LIPSON ANT SHETH METHOD FOR ADEQUATE SAMPLE SIZE

Scatter in the CFCTP core programme fatigue life data was used to check tur adequacy of sampie sive
(four specimens per test condition per parcicipantz). The mechud used is due to pson and sheth (reference
10) and involves selecting sn acceptable error levei, usually % 7 and 10 7, and finding the required sample
size fur 3 particular confidence level. The sample size check has two purprses:

(l) To find the combination of error and confidence levels tor which the actual sample size was
sufficient.

(2) To give an indication ot differences in data scatter between participants ard fatigue test
conditivng.

Table |l illustrates the Lipson and Sheth merhod by weing an actual example from the CRCTE (ore
programme. The table is largely self-explanatory. On the basis ot a leg normal  distribotior for  the
pupulation the percent coefticient of variation = is calceulated. An error ievel 1% selected ard the percent
error divided by the percent coefficient of varfation is used to graphivally deteTmine the nearest intejer
sample glze for a given confidence level. The curves in the graph .ure derived trom the t distribution
according to the fullowing expression:

t

% EKROR .. 0.5a;m
% COEFFICIENT OF VARIATION - 7"
where o is the significance level and o and . are the appropriuste sampiev sizes and deprees ot frecdom

(o = n-1}.

To indicate differences in data scatter the required sample sizes fur a given combination ot error and
confidence levels were determined for the complete set i CHCTP curv programme fatigue life data, as shwn
in table 1Z2. The shade”’ regions denote exceedance of the actua!l cample size, and o larger required sample
s1ze reflects greater scatter in the data,
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8. x? TEST OF INDEPENPENCE, YATES' CORRECTED % TEST AND FISHER'S EXACT TEST

As mentioned in che intruduction to this Appendix and shown in figure 1, the x? test of independeuce,
Yates' corrected x? test or Fisher's exact test were used, as appropriate, to analyne the primary ratigue
origin dats with respect to the infiuence of stress level and environment. Ir :ddition, these tests were
used (as appropriate) to check whether there were significant ccrrelations between Iatigue lives ana
locations of primary fatigue origins for each of the eight combinatious of tatigue stress levels and
testing schedules,

8.1 x? Test of Independence

The x° test of independence (reference | involves testing the hypothesis that two variables or
characteristics of a sample arc independent of each other. Data for this test are arranged in 2 table which
shows one characteristic and its v categories down the left side of the table, and the other characteristic
and its ¢ categories dcross the top. Thir table is known as a contingency table. It has r rows and
¢ columns that form cells in the body of the table. Each cell contains the number of sample nempers
observed to have each particular combination of the characteristics being examined.

8.1.1 Analysis of primary ratigue origin data

Construction of a contingency table and the procedure for the X* test to analyse the primary fatigue
origin data with respect tu stress level and environment will be illustrated using table 13, which gives an
example frum the CFCTP core programme. The test cowpares the observed frequencies of occurrence f in each
cell with the theoretically expected frequency f_ if the hypothesis of independence is true. The' expected
frequency tor a cell is obtained from the product of the total of the row and total of the column in which
the cell appears, divided by the total number of observations. The sum of the expected frequencies shculd
equal the total number of observations.

Application of the x® test is reliable only if every expected frequency is at least five. If this
requirement is not satisfied the results of two or more categories must be combined to raise the expected
frequency to the necessary level. The initial contingency table in table 13 does not contain enough B/N,
C/0 and D/P primary fatigue origins to give expected frequencies of five in each cell. Therefore the B/N,
L/0 and D/P categories were combined with the E/Q category in a modified contingency table.

The procedure 1s then as follows:
o 2
([o fc)

fe

(1) Compute the deviation x; =z

(2) Chocse a significance level a (e.g. 5 %, 1 2).

(3) Determine the solution ¢ of the equation P(x? € c¢) = 1-a from the appropriate value of X° in the
table of the x? distribution (included in most standard texts on statistics). The appropriate
value of X* is listed under the chosen value of & and for (r-1)(c-1) degrees of freedom.

(4) 1f x; S ¢, do not reject the hypothesis. 1f X: > ¢, reject the hypothesis,

For the example in table 13 the hypothesis is rejected, i.e. it is concluded that the locations of
primary fatigue origins depend on the environments (fatigue testing schedules).

8.2 Yates' Corrected x* Test

A slight modification of the ¥* test is usually recommended for contingency tables with r=2 and c¢=2
(one degree of freedom). This modification is known as Yates' correction for continuity (reference f1). It

is used to correct for the fact that the x* distribution is continuous whereas the observed frequencies are
discrete.

The only change is that the formula xz =L (fo - ft)z/ft is modified to

- - 2
. L(Ifo itl 0.5)

f[

where [ fo - [t ‘ is the absolute value of (f0 - ft)' xi is always smaller then Xé' This means that the

hypothesis of independence {s more readily accepted, i.e. Yates' corrected x? test is more conservative.

8.2.1 Correlation of fatigue lives and primary fatligue origins

Table 14 gives an example of using Yates' corrected x* test to check an association between fatigue
lives and primary fatigue origins. The fatigue life dats were arranged in ascending order together with the
corresponding primary fatigue origins. The median value of fatigue life was used to separate the data into
two columns for the contingency table. The medlan value was used instead of the mean because the median is
less affected by data scatter.

The hypothesis to be tested is that the locatlons of primary fatigue origins do not depend on fatigue
life. The initfal contingency table in table l4 does not contain enough F/R and G/S primary fatigue origins
to glve expected frequencies of five in each cell. Therefore the F/R and G/S categories were combined in a
modified contingency table.
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The results in table 14 indicate that the hypothesis should be accepted, i.e, it is concluded that tour
this fatigue test condition (fstigue in air at Sm'x = 210 MPa) the locations of primary fatigue origins do
not depend on the Lutigue lives. a

8.3 Fisher's Exact Test

Fisher's exact test (refercuce 12) is used for contingency tables with =2 and c=2 when the tutal
sample size is £ 20 or when the sample size is between 20 and 40 and the smaliest expected frequency is
iess than five. This Is because Yates' corrected x? test is iraccurate for small numbers. In Fisher's test
a probability is calculated from the values in the contingency table and is compared to the actual value of
a chosen significance level «. For a 2 X 2 contingency table cortaining four values a, b, ¢, d; marginal

totals n , n , n, n ; and 2 grand total N, thus:
1 2 3 4

a b n

1

c d n

2

n n N
3 4

The probability P is given by

n!Xn!Xn!Xn!
1 2 3 4

P X ar s X eT X d

An illustration of Fisher's exact test is given in table 15. The initial contingency table is modified
by combining the E/Q and C/0 categories and the F/R and G/S categeries. The probability F {s calculated
from the modified contingency table.

The hypothesis to be tested is that the locatfons of primdry fatipue origins do not depend en fatisue
life. The hypothesis is accepted if the calculated probability is greater than a. The result in table 15
indicates that the hypothesis should be rejected, i.e. it is concluded that for this fatigue test condition
(fatigue in salt spray at Smax = 144 MPa) the locations of primary fatigue origins depend on rhe fatigue
lives,
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TABLE t:

EXAMPLE OF GRAPHICAL PROCEDURE FOR TEST OF NORMALITY

@ FATIGUE LIFE DATA
ARRANGED IN
ASCENDING ORDER
AND ASSIGNED
MEDIAN RANKS

' @ GRAPHIVAL TFNT
' Fori NORMADTTY

PRE-EXPOSURE + FATIGUE IN SALT SPRAY AT Sm x " 1446 MPa

a
FATIGUE LIFE|MEDIAN RANKS{FATIGUE LIFE|MEDIAN RANKS|FATIGUE LIFE|MEDIAN RANKS|FATIGUE LIFE[MEDIAN RANKS
(CYCLES) () (CYCLES) (%) (CYCLES) &) {CYCLES) )
15,160 1.73 19,572 26 .48 67,798 91.23 93,692 75.99
22,608 4.20 41,320 28 .96 67,940 53.71 104,817 78 46
28.139 6.68 41,557 31.63 1,62t 56.18 106,209 80 94
3,116 9.15 45,500 13,91 13,840 5B 6k 114,147 83 a1
31,200 11 63 45,950 16.38 76,442 61.13 121,927 85.89
31,762 15 10 48,291 38 86 74,830 63 .61 125,357 88 16
33,693 16 58 35,478 4l 33 85,956 66 .04 139,690 9a.84
36,553 19 05 36,574 43 81 8h . 695 68 56 143,841 93.31
31,012 21.53 60,019 46.28 88,720 71.03 164 3a4 95 T2
38,512 24 01 65,121 48 76 20,392 73.51 154,293 8 24
T T et vy — T
}r
8 .
|
i .

vl
&
2
I Bﬂ‘r
3
P 1S
S :
x s0-
= 50~
I a0
@
2
z
y o}
z i
s
> 0 e
2 ;
3 5
- o
1
05+
L
P14
0

1
$0.000

JES WA

100.000

|
4

Lo ,J
150,000

CYCLES TO FAILURE

4
wxaaal 4
100,000

N
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TABLE 2: EXAMPLE OF .-

TEST FOR GOODNESS OF FIT TO CHECK FOR NORMALITY

x* TEST PROCEDURE FOR THE CFCTP CORE PROGRAMME

ASSUKE F(x) 1S TWE NORMAL DISTRIBUTION. DIVIDE F(x) INTO K = & INTERVALS SUCH THAT EACH INTERVAL INCLUDES 1/4 OF THE
POPULATION. THIS IS A CONVENIENT DIVISION BASED ON THE SAMPLE SIZE n ~ 40 FOR EACH OF THE EIGHT COMBINATIONS OF
FATIGUE STRESS LEVELS AND TESTING SCHEDULES. THIS DIVISION ALSO MEANS THAT THE THEORETICAL FREQUENCY (t 1s 1/4 OF

THE SAMPLE,

1.E £ =10,
t

ARRANGE THE SAMPLE IN ASCENDING ORDER OF FATIGUE LIVES AND CALCULATE

- THI

~ THE STANDARD DEVIATION s =

- T

£ MEAN x

E STANDARDIZED NORMAL VARIATE =z

THESE ARE THE MANIMUM LIXELIHOGD ESTIMATES FOR THE
SAME (UNKNOWN) PARAMETERS FOR F(x}, 1 E. r = 2

x)
— FOR EACH DATUM

COMPARE THE VALUES QF z FOR THE SAMPLE WITH THE z VALUES BOUNDING THE K INTERVALS OF Fix) THIS ENABLES DIVIDING THE
SAMPLE INTO THE X INTERVALS AND CIVES THE NUMBER OF SAMPLE VALUES fu TN EACH INTERVAL

CALCULATE

({b~ft)’

fe

.3
°

AND COMPARE WITH ¢ = «7 LISTED UNDER a = 5 9 AND FOR K-r-1 = -2-1 = 1 DEGREE OF FREEDOM

FATICUE

IN SALT SPRAY AT §
max

= 210 MPa

TEST FOR NORMAL DISTRIBUTION

TEST FOR LOG-NORMAL DISTRIBUTION

FATIGUE LIFE x | (x-%) FATIGUE LIFE x (x-%) FATIGUE LIFE x (x-x) EATIGUE LIFE x (x-2)
(CYCLES) BT (CYCLES) z s (LOG CYCLES) T s (LOC CYCLES) TS
4,933 -1.38 11.370 -0.18 3.693 - 2.00 4.056 ° 02
5.957 - 119 11,386 -0.17 3.775 - 1.5 4.056 0.02
6,373 -1.11 11,526 - 0.15 3.806 -1.38 a.062 0.05
6,442 - 1.0 11.737 -0.11 3.809 - 1.% 4.070 0.09
6,830 -1 02 11,940 - 0.07 3.8% -1.22 4077 0.13
7.163 - 0.96 12,047 0.05 3,855 - 1.0 4,081 016
7,310 -0.93 12,626 6.6 3.864 -10% 4101 0.2?
7,460 -0.91 12.848 0.10 3.873 - 1.00 4.109 0.31
7.563 - 0.89 13.520 0.23 3.879 - 0.97 4131 U 43
7.586 - 0.88 13.626 0.25 3.880 - 0.9 a 134 05
7,935 - 0.82 14,670 0.44 3.900 - 0385 a0 166 0.63
9.060 =061 17,549 CEE 3.997 0.53 4 264 T 06
9,100 - 0.60 17,893 1.06 3,959 - 0.52 “.25 [N
9,570 - 051 18,577 1.17 3,981 - 0.40 4.269 1.20
10,137 - 0.41 18,970 1.24 4,006 -0.26 o 278 125
10,298 -0.38 19,523 135 4013 -0 22 4.291 132
10,820 -0.28 20,470 152 4 034 -0.11 4 3 143
11,026 -0 24 22,546 1.91 4,042 - 0.06 4.393 162
11,105 -0.22 24,680 23 4 046 - 0.04 o 391 183
11,360 -0.18 26,799 2.1 4. 055 0.01 4.a2g 2 08
x = 12,308 s = 5,353 X = 4 053 s = 018D
‘;3“;:5?"2'“‘]5 THEORETICAL OBSERVED EQG:SN‘C’FT}Z‘E THEORETIGAL OBSERVED (£ €02
=i INTERVALS nzsqzésncv mz-:?usncy ets INTERVALS FREQl,JF.NC\ FRE?UENCY 5,
OF F(x) v o OF F(x) t o
-« . ~0.68 10 1 0.100 - - ~0.68 10 11 0,100
-0 68 0.00 10 15 2.500 -0.68 0.00 10 3 @ 400
0.00 0.68 10 5 2.500 0.00 ... 0.68 10 12 0400
0.68 - 10 9 0 100 068 - 10 a 0 100
TOTALS 40 a0 X7 = 5.200 TOTALS 40 ah xi =1 000

FOR a = 5 & AND K
SINCE 5.200 > 3.8

-r-1
41 THE POPULATION 1S NOT NORMAL.

=~ 4-2-1 = 1 DEGREE OF FREEDOM x? - 3} 841.

FOR a = 5 ¢ AN
SINCE 1.000 <

D K-t-1 = 4-7-1 = | DEGREE OF FREEDOM ,? = } 8al
3 841 THE POPULATION 1S NORMAL

~
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® AND FOR v

1

CHOOSE A SIGNIFICANCE LEVEL a vF ¢ 5 %)

COMPARE (; WITH THE »2 LISTED UNDER
DECREES OF FREEDUY

TABLE 3: BARTLETT AND BOX TEST PROCEDURES FOR TESTING THE HOMOGENEITY OF VARIANCES
T T
SAMPLE |SAMPLE SIZE|SUM OF SQUARES |DEGREES OF FREEDOM . SAMPLE VARTANCE|
: 1 2
NUMBER n §$ - L(x %) sea-1 52 - 28 log log =
1 :
1 n 55, N t st log st .| tos 5]
. : .
2 n, s, s L s3 tog s3 .y log 53
K o s5, N L s tog s¢| -\ 108 5 i
* !
sty - - - - tivlog 54} |
I
POOLED - £ss € Log <2 (£)10g 52
A ®
DIFFERENCE - - - = oy rton w2 - mdeg s
K ~ 2.3026 0, L= D /D) ekl
|
BARTLETT TEST ROX TEST
K ] .
W3 = TR VITH . DEGREES OF FREEDON - (s

K/
[ D——l WITH ) AND v, UEGREES OF FREEDOM

CHOOSE A SIGNIFICANCE LEVEL a (E.C. 3 %)

COMPARE Fo WITH THE F LISTED UNDER @ = 5 8 AND
FOR J‘ AND ‘1‘2 DEGREES OF FREEDOM

N



TABLE 4: EXAMPLES OF BARTLETT'S TEST AND BOX'S TEST FOR HOMOGENEITY OF VARIANCES

BARTLETT TEST TO CHECK FOR DIFFERENCES BETWEEN FATIGUE TEST CONDITIONS

COMPARISON OF POPULATION VARIANCES FOR FATIGUE IN AIR ASD FATIGUE IN SALT SPRAY AT S - 210 MPa
SAMPLE SIZE|SUM OF SQUARES|DEGREES OF FREEDOM ! SAMPLE 7ARTANCE|
SANPLE NUMBER R 55 - mox, 7 o : x5S ag <2l - 1ng s2
1 fatigue in air 40 1.292 39 0.026 0.033 -1.480| - 57.706
2 fatigue in salt spray 40 1.269 39 0.026 9.033 ~1.487] - 58 012
[
sud - - - 0.052 - - -5 s
POOLED - 2561 78 0.013 9.033 ~1.a8s|- 115,227
DIFFERENCE - - - D, = 0.039 ~ - |», - -0.009
!
K = 2.3026 D, = - 0.021 L= ey -0 on Gmk-l-1
x2 = £ L0020 WITH o - 1 DEGREE OF FREEDON
o " TiL 1

FOR @ = 5 & AND 1 DEGREE OF FREEDOM y? ~ 3 841. SINCE - 0.021 < 3.8a1 THE POPULATION VARIANCES ARE EJUAL

BOX TEST TO CHECK FOR INTER- [ABORATORY DIFFEI

COMPARISON OF POPULATION VARIANCES FUR PRE-EAPUSURE + PATIGUE IN SALT SPRAY AT S ~ laa Mg

I-L+ (7/\:2) o D/v2

ARE ENUAL.

max
SAMPLE SIZE|SUM OF SQUARES|DEGREES OF FREEDNM 1 SAMPLE VARTANCE
. 1 : 2
SAMPLE NUMBER N 55 = T, 02 D —mo o: .88 log 54| log s
v
1 napc B 0.091 3 0333 0.030 “1.517] - 4.550
2 SASKATCHEWAN b4 0.250 3 0.333 0.083 -1.079 ~ 3.237
3  VOUGHT 4 0.085 3 0333 0.028 ~1.548 - 4. 644
4  AFWAL 4 0,060 3 0,333 9.020 -1 497 - 5.091
5 NLR 4 0.261 3 0333 0.087 -1.061 - 3.182
6 DFVLR 4 0,157 3 0 333 0.052 ~1.281 - 3.844
7 NODRE 4 @.333 3 4.333 0.111 -Q.955 - 7.86u
8 RAE 4 no1ss 1 0333 0 G632 -1.287 - 3.861
9 SIFFRL 4 0.302 3 0333 0 101 998| - 2 993
10 PISA 4 0.017 3 o 133 0. 006 -2.241 - h 723
k - 10
SUM - - - 1.330 - - — 40 989
POOLED - 1.711 3o 0.033 0.05%7 -1.244| - 37 3516
DIFFZRENCE - - - D‘ - 1.297 - - D2 - 3673
K = 2 3026 D, = 8457 -01» Voek -1 =9 T SR S
2 1 2 L?
) K/
Dem—rm————— -K =38 F = —— = (.836 WITH 9 AND 739 DECREES OF FREEDOM

FOR a = 9 % AND 3 AND 739 DEGREES OF FREEDOM F = | 880. SINCE 0.836 < 1 880 THE POPUIATION VARTANCES
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TABLE 5°

PROCEDURE FOR THREE-WAY ANALYSIS OF VARLANCE

THREE FACTOR EXPERIMENT PLAN

COLUMNS (<1
GROLPS (81} )
! " o
s
1 N x
" "
W
*; x x

lRows oe:

=
o

203

sicRsE oF
“ARTAT LN

COMPUTATIONS FOR THREE FA'TIR ANALYS!>

VARIAN B

SUM OF SQUARES SS

ER LI AR
ns

N OVARE
e

N = total number of data T, eral ter enn g

T - total for a1l data T, - rersl far each column row om i

¢ = ousher of coluans T, = total for each calumw group comhitatinn

© = nusher of tous Tog T TOTAL for rush rewgroup comlivazi

¥ - numbec of groups Tpp = total for each column-rov-group comtinatios

M i e
among, ¢ lusns - - v i
) P R e
among rows . TY X7 =
e, ke e,k R R X
1 A s BT R R
amors prous I LN
* ‘
olumn rov ST ek, e 17 e mn ek sml ewt e el s ' i
ineeractton o T Bh e TTE - oy e P R o . |
cotum yesup Cas 11 . T T RTINS e i e
ntoracrion S8 M BT = o e B e ST .
rev grodp - W ETE v e axgen, e imgee ax s e e e, v e e e . tg
arove . vhere ITE -y ve exgex P A PR :
R -,
coiusn cov group TR T e s e R e e e e e
interaction SSe TN 7SSy mSh oSS - s, o f R R terp
a S e taexeieatandexdecdident axdoend ot exd axd axd oy o 0L E : :
toral PTG N D T e
cesiduni ass - SSS v 53 - SS_ - SS_ - 55 - 55 e
tarat BT PSS SR T S8, T Sy E - .
N et
x = each darun T - rotal for each coluan
n = nusber of cepliations - total for rach row

| .

ANALYSIS UF VARIANGE TARLE FUR THREE FACTOR EXPERIMENT

SOURCE OF YARIATION

HEAN 3QUARE RATIV

HEAN S0aRE
s
55 NSR - e = F
e Mesidual  ©

N
FAUTRS T BE SICNTEICANT A
E DISTRIBTL A

vE

MOMEAR SGUARE RALLT MSK REGUTRED FOf

maty

FacToRs

& |

me, o lumns
'

i

Lasong rows

(

among, gronpe

Jeotamn rov

i

column granp

i
Vinterastar
|

[T
frrerartion
column viw gromp
Interacrion

“ -,
" H i -
roxidus}

s9lduat

reslaual "5

PR ZYEY

“restdus}

F
T Tecttal
IS
Toreatdual
'
! restda,
¥
T et

cr et

re iesttaal
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TABLE 6: SCHEMATLIC OF THREE-WAY ANALYSIS OF VARIANCE FOR THE CFCTP CORE PROGRAMME

INPUT DATA
FATIGUE LIFE TO FALLURE (LOG CYCLES)
COLUMNS (lABORATORIES)
GROUPS T
{ ESVIRONMENTS ) NADC | sask. |VOUGHT | aFval | NLR | DFVLR | NORE RAE Tsxsm_ Pisa
5272 [ 3963 | 4 085 | 4.348 | & 375 | 4389 | aa03 | 4 212 | 4 B2 | 3 950
fatigue in atr 4408 [ 4260 | 6 w12 | 6513 1 4 395 | 6 a0e | W eor [ ai8 g 3 ate | u by
6613 | 6339 | w312 | @531 | w27 | etz w28 | e w30 | 4 299 | w932
G069 [ Ga31 [ & 384 | 4561 [ @ 509 | 6 536 | 4 341 | a2} 3 9l9 | 39
3.699 4263 4 456 4 090 e 298 3.132 & 390 4. 161 4 0l 3 .92
pre-exposure + 3.802 | 3.907 { 6 305 [ 4 196 | & 314 | 4200 | & 271 | w268 ) 4 658 3 3 60
fatigue in air 4060 | & 004 | 1.922 | & 193 | & 394 | 3797 | u o086 | 1659 | 3 9u3 | 3 6s0
4216 } 4115 | 6 308 | a 279 | & 517 | 3928 399 [ 3943 [ 4 087 | & IDK
S = 210 Hea
3% 5070 | 4 101 | 1855 | & 131 | o 03 | w0956 | 4 13 | wart j oY 981 ] L 24k
fatigue in salt 6055 | %26y | 3693 1 3873 | & 062 | « 278 | 3859 | 4 0«t ) ) 864 | 4 311
spray 3900 {4 2531 3806 | 30957 1 4056 1 4 353 | W 0h2 ) A 08l )y 8 | e 109
3879 | 4003 | 3809 | 4391 | 3775 | & 291 | 4006 | . 428 | 4 156 | 3 880
%225 | 39.7 | 3575 | 3 787 | 3 7i7 | 3.792 | 4 onu | aatz | o3 osea ‘ 3 a1n
T 392 L airge | v g9z | 3oear | cooor |anes | oss v e0n ) 3 e s e
o uein 3.663 | 3.699 | 39/) | 1995 [ 4057 | 3 762 | 3 RN w23l |3 G |3 ank
s pray 392203910 | 3.979 | 3880 | 4 209 | 3 BIF | 3994 | & 058 | aowsd e 2%
ROWS ) v =
(STRESSES | 4,682 | 5623 | 5 246 | 5 185 | 5 080 | 5 016 | 5 Jua rs 187 | 5 s |
fatigue in wit S 126 y e 706 g > 231§ 5 388 | 9090 | 5 069 | & 99 4.884 o 2N 1 EIPAY)
: 5168 | 5.039 | 5264 | 5018 | 5212 [ 5259 |5 0ur | & 83 | 5 08) 4 e B3
5300 [ 5030 {5 an3 [ 5968 1 5295 ) 5038 |5 lss | > 131 | gl 808
A
4.983 5.067 S ule 9 089 4 920 [ & 939 | o 856 t W 89T 9hL ) e Gdi
pre-exposure ¢ 5026 | 5 088 | 4 93 | 5053 | S0u2y 5129 | a8 L5 00y [ 5.033 ) 5 ad
fatipue in air 5040 | 4 916 [ 4979 | 5186 | 5 272 L w921 | 4 BsE [ 5 0la | 4 905 \ Y 3as
530 | 5067 | 5022 | s th | s 29 ) 4 ee8 | & g1 1508y fa e Laees
S - 144 MPa i
max 5157 | 4893 | S o088 | 4 B3 | 4 53 |6 e |4 988 L 51w | W on l T
fatigue in salt SU78 | 5017 [ w277 105 348 | 5 105 [ 5 29 | & 95T 1 5 jah | . BaT | w453
spray 5.087 | w663 | 5 281 | 4 895 | w916 | 4 802 | o 656 | w787 | w ban | a a2y
4 B89 [ 5 164 | 4 548 | 5239 | 4 670 | 6 975 | 5 083 l S alds |- 8BS [ 948
o sur 4752 | w92 | a9te | 5 tes | w086 | w a9 so:a(i 098 |« 0u8 | 4 %9t
B Tl 5.057 | 6902 [ 4753 | 902 | 4 178 | & 85 { 4 %6 | 4 SKJ , o 81 | wa9
atigue in salt G938 | 4 Bla | & 686 | & B68 | 4 493 | i 851 | & B8 | w 95m | u 468 | 4 568
sprav 5158 | 5188 | 0 528 | 4832 | 5159 | 5020 4 508k | & sni« 5lo |« 619

f

STATISTICAL PACKAGE FOR THE SOTIAL STLENCES

SUBPROGRAM ANNVA

t

AMALYSIS OF VARIANCE RESULTS (95 % CONFIDENCE TE a=-95%

TSUM OF |DECREES OF|HEAN SQUARES| HEAN SQUARE RATIO |F DISTRIBUTION| SIGNIFICANT EFFECTS OF
SOURCE OF VARTATION SQUARES | FREEDOM ss Ms VALUE MENTAL CARIABLES
55 : W MR P (F > F )
' M gesidugl 0.05,.,240 (USSR L]

Laboratory 1.962 9 o ns 5163 193 ves
e ogs [rETess 59 494 \ 59,496 1572 811 3 89 vos
env{ronment s ) ) 706 45 055 2 69 ves
Laboratory stress 0557 a 0 062 1637 193 no
(NTERACTING | 1ABOTatory eavironment t w27 27 0 053 1197 1 sa no
FACTORS | ress envl ronment 0 302 ) 0101 2 662 2.65 ves
Luboratory stress envizonment| [ 519 2 0.056 1478 Y s o
residual 9.078 | 260 0038 - - -
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TABLE B: EXAMPLES OF LEAST SIGNIFICANT DIF
EFFECT QF STRESS V

CE TEST FOR LOCATING
ERSUS ENVIRONMENT (FATIGUE TESTING SCHEDULE)

THE SOURCE OR SOURCES oF
INDICATED BY ANALYSIS OF

FQUAL SAMPLE SITES

MELETE DATA SETS FROM ALL TEN UFCTP

CURE PROCKAMME BARTICIFANTS

LE EE U I e MPa
e X . _- .- -
FATIVLE , .

TESTING - 5 ;( -
SCHEDULE A s
Lik: MEAN
FATILVE LIVE
“ - j
v
. - wia
IMPART IR .
TREJAL SAMPLE w1l N PoATA bR wr - St e kb .
- M -
1
“ia - wra
MEARD NS OF JATA FROM DIFRERENT baTD ¢ M - . . - -

taty
targ
pre expasare o farigue o

In air tatieae e

LTOpTe exp

pre exposare ¢ fatigue i
fasigue 10 sait sprav pre

faripie tr i1 pre saposae o fatigae i

AoSD




Ny

EXAMPLE. OF DUNCAN'S NEw MULTIPLE RANGE

(FALLGUE

[ESTING SCUEDULE)

TEsT FOR EQUAL SAMPLE SEJES

INTERAUTTONS

A

AN

BUAL AMPLE NTLFS COMPLETE DETA SFTS FPoM ALL TEN

SRo MEAN FALC
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TABLE 10: EXAMPLE OF DUNCAN'S NEW MULTIPLE RANGE TEST FOR UNEQUAL SAMPLE SIZES AND FOR ONF OF THE

LABORATORY VERSUS STRESS VERSUS ENVIRONMENT (FATIGUE TESTING SCHEDULE)} INTERACTIONS

UNEQUAL SAMPLE SIZES OMISSION OF DATA FOR REASSENBLED SPECIMENS «SEE SECTION 3 2 % OF PART {1 OF THIN REPURT.

RESULTS FROM SIFFRL

3 - [i] 3 = lau MPa )
! STRESS LEVEL Spax = 110 MPa aax " L l
: S — . _
FATIGUE pre-expusice ipre.espusure £ pre-exposurel, . iy . in PTe exposure
| @ RANKING FATICUE LIVES TESTING « fatlgue tn 0B 1L facigue o BN AN Carggue an| DATIBYS ITANTIRST AT e s
! AND CAL FIATLN OF SCHEDULE salt sprav | P arc salt aprav N Air

THE RESTOUAL ¥FAR A M JULAA ;
laM. MEAN FATIONE
LIVES WANKED pase | w0 | e e - L
N OHDER | i '

ad b

NIFIUANT STUDENTIZER PANGES ) Fm 3 = 5 % AND

residual T

. ZEL
PR APFRUPRIATE
CALUES OF p AND

P OIKVOLVEL I8 A SET 0F UOMPARISOUS | B ! .

NIMBER OF MPAN

resid

SKUREES 3 FREFDUM

SHURTEST SIGNIFITANT RAl

P WIEST N T
';\f""" X A SET OF JoMPARLS

@ A
NLNE

SR~ sz L o .
[DIFFEREN"E
. [seTvEen Lix
5
Pl COMPARISONS “F DATA FRUM DIFFERENT FATIZUL TESTING SOHED S per
LGRS X e -

i
) - Jurfarigus in stropre-exposure o fatigue in salr spray I
! § |fattgre tn sir/fatigue o salt sprav o
- Joltatigue 10 st pre.exposure + farigue in air |
B _ - -
. |iipce-exposure o fatigue in airspre-exposute o farigue ir salr spravl R
}{pre exposure ¢ faligue in air/fatigue in salt sprav 1 1o
| @ TEST THE DIFFERENUFS 11(.:1;“ 0 salt spray/pee-exposure + fatigue in salt apray ..
\
' x [e{pre exposure + (atigue n afr/pre-exposure » fatigue {n salr sprav ) AR vex
' ¥ |}|pre-exposure o fatigue in atr/fatigue in salc sprav 4 e
; |2|pre-exposure o fattgue tn airsfarigue in atr ne
a3 "
: » ]3{€atigue in atr/pre-exposure ¢ fatlgus in salt spray ves
2|fatigue tn atr/fatigue in salt spray
[ _
| 2|tatigue tn salr spray/pre-expasure » fatigue in salt apray 1 W




TABLE 11:

[HE LIPSON AND SHETH

METHUD OF SAMPLE SIZE

NIl

ETERMINATION

{

1 RESULTS FHOM SIFFRL FOR FATILUE [N AIR .
T |

| LOG FATIGLE LoG MEAN ] st | U DEGREES oF [ | STANDABD | & <OEFFICLENT ' F VARIATLN

| max l LIFE FATIGUE LIFE s | S OF sqraREs ! FrEEpo | SMMPLE ":f"\"\' SEVIATION 1 '

' «HF-‘“ % x !55"":*‘J;-.\-;| 50 2 s . -

I | . ‘ 4 s, —

3 919 ' ' ( | :
i pau) } 9,',’ } A 159 . f ! " H \ D : REREN] !
X 4 159 H | ‘ '
1wy ' | I ; :
[ SS—— i it S SR S R
RTINS | | , I W

! | W Bal ‘ '

I Tai < hes 4 Az Y ‘ o e : P

| Lo ! !

| ;

N ERRR -
! . SFLESTION 0F FREOR LEVELS 9
1w . B
,
LERROR

COEFFILIENT OF VARIATION '

CONFIDENCE

LEVELS

pre eepnaare
210

o tatiane

oE T

PMINATL N GF

£ SIZE FIR A

I ERENR !
THLR 1]
01t . . . R
3 4 s 6 ! k) 8 10 " 7 13 14 1%
SAMPLE 5178
FEJCIRED SAMITE SIt L T D
o ERpob b o e - - — - - -
iFth < BRI . e mry
s =
-
1o . i
TABLE 12:  REYUTRED SAMPLE S1ZLS FOR 5 7 ERROR AND 90 7 CONFIDE
max | !
| FATILLE ESTINL SOREDULE NATH SASK ‘l-mm WY
—— L
+
[fastpe an aie i 5 o .

4
Lh‘u” irosalt upsav }
Ip:- expnnate 0 farigue in aalt apray “




A

210

TABLE 13: EXAMPLE OF x? TEST OF INDEPENDENCE FOR ANALYSING THE PRIMARY FATIGUE ORICIN DATA

(ORTIGINAL EIGHT CFCTP PARTICIPANTS AND SIFFRL)

@ CONSTRUCTION OF INIT!AL
CONTINGENCY TABLE

(SEE TEXT)

@ CALLULATION OF .(')

AND COMPARISON WITH
r? LISTED UNDER @ = 5 %
AND FOR (r-1)ic-1)
DEGREES NF FREEDOM

PRIMARY FATICUE ORIGINS VERSUS ENVIRONMENT S-_" - 144 MPa

COLUMNS . ¢ (FATIGUE TESTING SCNEDULES)

ROUS, T
(LOCATIONS OF PRIMARY pre-exposure Catigue in pre-exposure +
FATIGUE ORIGINS) fatigue in atr + fatigue in e . fatigue in
alr relt spray salt spray ROV TOTALS. R
€/Q [ “ 7 ) 20
/R 1 1 16 15 53
783 25 14 10 6 53
% 3 5 o s ]
€/0 0 1 1 i 3
1743 0 1 o 1 H
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TABLE 14: EXAMPLE OF YATES' CORRECTED ¢ TEST FOR CHECKING THE ASSOCIATION OF
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TABLE 13:
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QUALIFICATION
FOR MAIN
STATISTICAL
ANALYSIS

l: CFCTP FATIGUE DATA ]

/\
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r PRIMARY FATIGUE ORIGINS i

x2 TEST OF INBEPENDENCE
oR

YATES' CORRECTED xZ TEST
0R

FISHER'S EXACT TEST

TEST FOR NORMALITY
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NORMAL PROBABILITY PLOTS

ORIGINS AND STRESS LEVELS
ORIGINS AND ENVIRONMENTS

FATIGUE LIVES AND ORIGINS
PER TEST CONDITION

@ 7 TEST FOR GOODNESS OF FIT

NORMAL OR
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DISTRIBUTION

TEST FOR HOMOGENEITY OF VARIANCES

® BOX TEST TO CHECK FOR
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ANALYSIS OF VARIANCE LIPSON AND SHETH METHOO
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MAIN EFFECTS
— stress
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- laboratory

® SAMPLE SIZE AND DATA SCATTER
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J-WAY INTERACTIONS
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[LEBT SIGNIFICANT DIFFERENCE TE“]

FUICAI'S NEW MULTIPLE RANGE TEST ]

Fig. 1 Survey of statistical methods for analysing the CFCTP fatigue life snd primary fatigue origin dats
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